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Abstract 
1,7- and 1,6-regioisomers of two important bay-functionalized perylene diimide dyes, namely N,N'-
dioctyl-di(2,4-di-tert-butylphenoxy)perylene diimide and N,N'-dioctyl-dipyrrolidinylperylene diimide, 
have been synthesized, separated, and unambiguously characterized by 300 MHz 1H NMR. A detailed 
comparative study of their optical and electrochemical properties has been carried out, which revealed 
virtually the same characteristics of the 1,7- and 1,6-diphenoxy substituted perylene diimides. However, 
substantial differences have been observed in the properties of the two regioisomers of dipyrrolidinyl 
substituted PDIs. Subsequently, novel derivatives of dipyrrolidinyl functionalized perylene diimide, 
with additional substitution sites close to the perylene core, have been prepared by the bay-attachment 
of 2-(benzyloxymethyl)-pyrrolidine. During this, clear differences have been evidenced in the chemical 
behavior of the corresponding 1,7- and 1,6-regioisomers. The separated 1,7- and 1,6-derivatives have 
been utilized to prepare four perylene diimide−fullerene dyads, in which fullerene has been covalently 
linked to perylene diimide with one or two linkers. The differences in the excited-state dynamics of 
these 1,7- and 1,6-regioisomers have been studied. In contrast to previously reported perylene 
diimide−fullerene dyads, all the synthesized dyads have exhibited photoinduced electron transfer from 
the perylene diimide chromophore to fullerene, not only in a polar but also in a non-polar solvent. The 
electron transfer was found substantially faster and more efficient in the dyads containing 1,7-
regioiosmer.  
A new series of donor−acceptor based ensembles, consisting of phenoxy or pyrrolidinyl 
functionalized perylene diimide covalently linked to Ru(II) polypyridine complex, has been synthesized 
and studied in detail by steady-state and time-resolved spectroscopy. In all the ensembles, the 
photoexcitation of either chromophore resulted in a long-lived triplet excited state of PDI (3PDI) as the 
final excited state, but the photochemical reactions leading to the triplet states were found to be 
essentially different for the two types of the ensembles. In the case of phenoxy-PDI based ensemble, the 
excitation of either chromophore leads to the electron transfer from the Ru(II) complex to PDI; whereas 
for the pyrrolidinyl-PDI based ensembles, the electron transfer is observed in opposite direction and 
only when the Ru(II) complex is excited. Finally, a dibenzo[a,c]phenazine molecule was coupled with 
fullerene to function as light-harvesting antenna in order to overcome poor absorption strength of 
fullerene in the visible spectral region. The suitability of the synthesized 
dibenzo[a,c]phenazine−fullerene dyad, for the photovoltaic applications, has been examined by detailed 
electrochemical and spectroscopic study.    
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1 Introduction 
Many intensive efforts have been carried out over the past few decades to construct photosynthetic 
models, which can mimic natural photosynthesis involving photoinduced electron and energy transfer 
as fundamental processes.1−10 Considering the structural complexity of the natural photosynthetic 
systems, much of the scientific efforts have been devoted toward the preparation and study of the 
structurally simpler systems, with the aim of reproducing the fundamental processes occurring in the 
natural photosynthesis. In this context, the research focus has been directed to the design and synthesis 
of discrete photoactive components that give rise to electron donor−acceptor interactions. For the sake 
of organization, such photo- and electro-active building blocks must be connected to each other, for 
which a wide range of well-defined molecular spacers have been considered.11−14 Important variables 
are the nature of the donor and acceptor components, their relative distance, mutual orientation, and 
electronic coupling, as well as aggregation induced by π−π stacking. Common to all of these variables 
is that they affect yields and kinetics of the charge-transfer reactions in one way or other.4,15−21  
A better knowledge of the electronic interactions between the donor and acceptor moieties is highly 
essential not only to enhance our understanding of the natural systems, but also for the development of 
new molecular photovoltaic and optoelectronic devices. During the past three decades, several 
photoactive units have been tested as integrative building blocks for the construction of the 
donor−acceptor based systems with various properties. Among those, the perylene diimide (PDI) dyes 
stand out as unique components because of their diverse and fascinating properties. One such a unique 
and crucial characteristic is the possibility to fine-tune their electronic and optical properties by 
chemical modification, according to the requirements of particular applications. Furthermore, the PDI 
dyes also exhibit other favorable physical and chemical properties, such as easy functionalization, 
excellent electron-acceptor ability, high molar extinction coefficient in the visible region, high 
fluorescence quantum yields, and excellent photochemical stability.22,23 Owing to these peculiar 
characteristics, the last two decades have witnessed their extensive and successful utilization in the 
donor−acceptor based systems and also in numerous high-tech applications..7,14,22,24 The PDI dyes can 
also be considered as potential chromophores for many new applications in light of their diverse and 
fascinating characteristics.  
This thesis mainly focuses on the chemistry of bay-functionalized bis-substituted perylene diimide 
dyes. The work had been planned and implemented keeping following three important aspects in mind: 
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1. Regioisomeric contamination: The synthetic procedure for the preparation of the 1,7-bay-
functionalized PDIs, produces the corresponding 1,6-bay-functionalized derivative (so-called 
1,6-regioisomer) in 25−30 % quantity as a side product. There are two important aspects 
associated with this issue. Firstly, the removal, as well as the characterization, of the 1,6-
regioisomer is very difficult. Consequently, the properties of the 1,6-regioisomers are not well-
known. Secondly, majority of research groups, which are involved only in the application based 
work, are not well aware about this problem as the contamination originates from the synthesis. 
Therefore, this contamination has been ignored (knowingly/unknowingly) by the majority of 
research groups around the world.  
2. Synthesis of the new PDI derivatives with extra functionality: The PDI molecules usually 
have two derivatization sites, namely the imide- and the bay-positions, where the attachment of 
other chromophores can be executed. However, the bay-positions are often utilized for the 
tuning of the optical and electrochemical properties of the dye. Therefore, only the imide-
positions are usually available for coupling with other photoactive molecules. Within this 
framework, we have synthesized new PDI derivatives with bay-substituents, which offer 
additional site/sites for the attachment other chromophores.   
3. Synthesis and study of the new electron/energy donor−acceptor dyads: The synthesized 
PDI derivatives were utilized to construct donor−acceptor dyads, which can be used in the 
photovoltaic and optoelectronic applications. Therefore, the strategy of the close-proximity, 
between the donor and acceptor moieties, was employed in all the synthesized molecular dyads 
to ensure fast and efficient electron or energy transfer. A detailed study of the photophysical 
properties of all the prepared dyads was carried out by means of steady-state and time-resolved 
spectroscopic measurements.  
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2 Background 
The perylene-3,4,9,10-tetracarboxylic acid diimide derivatives (commonly known as perylene diimides 
and abbreviated as PDIs) represent a classical example of an inherently robust and outstandingly 
versatile family of organic compounds that have been utilized for a wide range of technological 
applications.  The PDIs were first discovered by Kardos in 1913 and were initially used, exclusively, as 
industrial colorants, both as dyes and pigments, because of their excellent chemical, thermal, photo, and 
weather stability.25,26 Nowadays also, several PDI derivatives are used in fiber applications, particularly 
in carpet fibers, and in high-grade industrial paints in the automobile industry.26 In the beginning, for 
several decades, the utility of PDIs was limited to industrial pigments due to their intrinsic poor 
solubility in organic solvents. For the same reason, their other excellent properties such as high 
fluorescence quantum yield and photostability could not be discovered until 1959.27 However, the 
subsequent synthetic advancements in the field of PDI chemistry have resulted in the compounds with 
sufficiently good solubility, and various interesting properties. Consequently, during the last two 
decades, the PDIs have found many other important applications in the burgeoning field of organic 
electronics and photovoltaics.  
This chapter accumulates a brief description of the chemistry of the PDI dyes in terms of basic 
synthetic methodologies, their optical and electrochemical properties, and their utilization in 
donor−acceptor based systems and other applications.  
2.1 Preparation of the PDI Derivatives 
The development of the synthetic PDI chemistry can be considered in three stages. In the beginning, 
PDI derivatives have been prepared mainly by the variations of the imide groups, which can primarily 
change only the solubility and the solid-state color of the PDIs.28 Therefore, the versatility of this 
approach is very limited with respect to the modification of either optical or electronic property. In the 
second stage the chemists have focused their efforts on the functionalization of the bay-positions (1, 6, 
7, and 12 positions of the perylene core; Figure 2.1); which enabled them not only to increase their 
solubility, but also to tune their optical and electronic properties at the same time. The third and the 
latest stage involves the functionalization of the ortho-positions of the perylene core (2, 5, 8, and 11 
positions; Figure 2.1), which mainly helped in retaining the planarity of the PDI core upon chemical 
modification.29,30 This approach came in the picture very recently and consequently still in the phase of 
development. Only the first two synthetic routes, namely the imidization and the bay-functionalization, 
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are discussed in the following elaboration as the thesis is exclusively based on the bay-functionalized 
PDIs. 
 
Figure 2.1. The chemical structure of the perylene along with the numbering of the various positions. 
2.1.1 Imidization 
Imidization involves the condensation reaction between perylene-3,4,9,10-tetracarboxylic dianhydride 
(abbreviated as PTCDA; Figure 2.2) and an aliphatic or aromatic amine, which results in the formation 
of the appropriate PDI derivatives, usually in high yields with an easy purification.26 The solubility of 
the resulting PDIs varies greatly as a function of the imido-substituents. Small and linear alkyl chains 
lead to the PDIs quite insoluble in organic solvents. The industrial-scale syntheses of most insoluble 
PDI pigments, such as Pigment Red 179, Pigment Red 149 and so forth, are carried out following this 
method.26,28,31  
 
Figure 2.2. The chemical structures of PTCDA and imide-substituted PDIs, also showing the numbering of the positions of 
the PDI-core. 
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However, the current applications of PDIs in the field of organic electronics and photovoltaics generally 
require PDIs with reasonable solubility in common organic solvents. In this regard, Langhals and 
coworkers introduced their “swallow tails” as early as 1995.32,33 These bulky imido-substituents are 
forced out of the plane of the PDI chromophore, thereby reducing the face-to-face π−π stacking of the 
PDIs.  
2.1.2 Bay-functionalization 
The chemical modification at the imide positions does not significantly affect the optical and electronic 
properties of the PDI because the HOMO and LUMO orbitals of these compounds have nodes at the 
imide nitrogen atoms (Figure 2.3).22,23,28 However, these properties are drastically changed upon 
functionalization of the bay-positions with either electron-donor or electron-acceptor groups. 
 
Figure 2.3. Frontier orbitals of N,N'-dimethyl-PDI according to DFT calculations.  
Therefore, the discovery of Böhm et al. (1997) that PTCDA can be selectively dibrominated to yield 
regioisomerically pure 1,7-dibromo-PTCDA and subsequently, after imidization, bromine atoms can be 
exchanged by phenoxy and alkynyl groups, has established a landmark in the field of PDI compounds.34 
This synthetic work not only helped to improve the solubility of PDI based systems, but also opened up 
an efficient way to tune their electrochemical, optical, and electronic properties through 
functionalization of the perylene core with either electron-donor or electron-acceptor groups. Moreover, 
the bay-substitution also provided extra sites, in addition to the imido-positions, for the attachment of 
other chromophores, which is essential for the construction of the complex systems. The nucleophilic 
substitution of the bromo bay-substituents is straightforward, and generally the products can be isolated 
6 
 
in high yields. Consequently, as depicted in Scheme 2.1, fluoride-,35 cyanide-,36,37 phenoxy-,34,38 and 
alkylamino-based nucleophiles39 have been coupled to dibromo-PDIs, leading to bay-functionalized 
PDIs with a variety of interesting properties. Moreover, dibromo-PDIs have also been used in transition 
metal catalyzed C−C coupling reactions, such as Suzuki, Stille, and Sonogashira reactions, to obtain 
various aryl-, heteroaryl-, and alkynyl-functionalized PDIs.40−47 
  
Scheme 2.1. Preparation of some important bay-functionalized PDIs from the dibromo-PDI.  
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A comprehensive study was carried out by Würthner et al., in the year 2004, on the procedure used by 
Böhm et al. for the dibromination of PTCDA and subsequent imidization.48 This study clearly revealed 
that the dibromination reaction is not regioselective, rather, yields a regioisomeric mixture of 1,7- and 
1,6-dibromoperylene dianhydride. Consequently, the subsequent imidization with cyclohexyl amine 
also yields regioisomeric mixture of 1,7- and 1,6-dibromoperylene diimides, which can be observed 
only by high-field (> 400 MHz) 1H NMR spectroscopy. Würthner et al. had successfully separated, and 
also unequivocally characterized, regioisomerically pure N,N'-dicyclohexyl-1,7-dibromoperylene 
diimide from the regioisomeric mixture using repetitive recrystalization method. Until date, it remains 
the only existing method to obtain regioisomerically pure 1,7-dibromoperylene diimide.  
The method is cumbersome and simultaneously has some limitations. Firstly, it is not possible to 
obtain 1,6-dibromoperylene diimide in pure form. As a consequence, regioisomerically pure 1,6-
difunctionalized PDIs could not be prepared. Secondly, the method is very sensitive to the substituents 
at the imide-positions, and therefore does not work efficiently when the cyclohexyl groups are replaced 
with other groups. On the basis of their study, Würthner et al. have also suggested that the previously 
reported 1,7-difunctionalized PDIs were contaminated with 1,6-regioisomer. Scrutiny of the literature 
shows that even after this unambiguous disclosure, a mixed response has been shown by the research 
groups on this issue. Some of them took this issue into consideration, whereas others continuously 
ignored the presence of 1,6-regioisomer. 
Recently, it was discovered that PDIs can be directly dibrominated using bromine at room 
temperature in solvents such as dichloromethane; although mono-brominated derivative is obtained as 
the main product along with the 1,7- and 1,6-dibromo derivatives.49 This method has been used in 
preparing monobromo-PDIs in high yields. More aggravated bromination conditions, such as heating to 
ca. 50 ˚C, can give the regioisomeric mixture of dibromo-PDIs as the dominant products in very good 
yields. However, the yield of the dibromo-derivative is found to be significantly dependent on the 
imide-substituents. It was observed that the PDIs with bulkier imide-substituents underwent 
bromination more smoothly relative to those with small ones. Accordingly, the bromination of N,N'-
bis-(dimethylpentyl)-PDI was found very facile at room temperature, but the corresponding N,N'-
dicyclohexyl-PDI could not be brominated at ambient temperatures. This trend supports the notion that 
the reactivity of PDIs depends on the extent of aggregation, which in turn influences the solubility 
properties.  
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2.2 Physical Properties of PDIs 
2.2.1 Optical properties 
The extended conjugation in the PDI core results in a strong absorption in the visible part of the solar 
spectrum. The typical N,N'-dialkyl- or N,N'-diaryl-PDIs, without substitution on any of the perylene 
positions, are characterized by an intense absorption showing well-defined vibronic structure; with a 
maximum at around 525 nm and molar extinction coefficient as high as 105 M−1cm−1 (Table 2.1).23 For 
these PDIs, the fluorescence spectrum is almost a mirror image of the corresponding absorption 
spectrum, and it exhibits only a small Stokes shift (approximately 10 nm).23 The fluorescence quantum 
yields are almost quantitative, and the singlet excited-state lifetimes are ca. 4 ns in common organic 
solvents.23,50−53 Due to their intense fluorescence, these dyes have been used as laser dyes.54 Figure 2.4 
depicts the absorption and fluorescence spectrum of N,N'-dioctyl-PDI in DCM. 
 
Figure 2.4. Steady-state absorption (solid line) and emission (dashed line) spectra of N,N'-dioctyl-PDI in DCM. 
As it was mentioned previously, the imide-substitution does not have any major influence on the optical 
properties of the dye. The absorption and emission maxima generally vary only by ca. 5 nm with the 
variation of N,N'-alkyl or aryl substituents (Table 2.1). Resultantly, the imide-substitution is mostly 
advantageous to prevent aggregation, and in turn to increase the solubility. 
In contrast, the bay-substitution has pronounced effect on the absorption and emission properties of 
the PDIs. For example, the absorption spectrum shifts to longer wavelength by about 20 nm compared 
to the corresponding non-bay-substituted PDI, when two phenoxy groups are attached at 1- and 7-
positions.34,55 The shift reaches by almost 50 nm when four phenoxy groups are linked at the PDI bay-
region (Table 2.1).56,57 Accordingly, the color of the fluorescence changes from yellow or yellow green 
to orange and red. The biggest importance of these phenoxy-substituted PDIs lies in the fact that they 
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exhibit far better solubility compared to their unsubstituted analogues, while retaining all the favorable 
properties, namely high fluorescence quantum yield, small solvatochromism and high photostability.  
Table 2.1. Optical properties of selected perylene diimides.a 
Compound Solvent λabs/nm ε/M−1cm−1 λem/nm  Φf  τf/ns 
 
 
 
CHCl3 
 
 
 
 
CHCl3 
 
 
 
 
CHCl3 
 
 
 
 
 
CHCl3 
 
 
 
 
 
toluene 
 
 
 
 
DCM 
 
 
toluene 
 
526 
 
 
 
 
526 
 
 
 
 
549 
 
 
 
 
 
573 
 
 
 
 
 
686 
 
 
 
 
508 
 
 
 
530 
 
88000 
 
 
 
 
95000 
 
 
 
 
55000 
 
 
 
 
 
45300 
 
 
 
 
 
46000 
 
 
 
 
88000 
 
 
 
47000 
 
533 
 
 
 
 
537 
 
 
 
 
578 
 
 
 
 
 
608 
 
 
 
 
 
721 
 
 
 
 
513 
 
 
 
545 
 
1.00 
 
 
 
 
1.00 
 
 
 
 
ca. 1.00 
 
 
 
 
 
0.96 
 
 
 
 
 
0.35 
 
 
 
 
0.98 
 
 
 
1.00 
 
 
4.0 
 
 
 
 
3.7 
 
 
 
 
4.5 
 
 
 
 
 
7.4 
 
 
 
 
 
4.5 
 
 
 
 
3.6 
 
− 
a The values for the bis-bay-functionalized PDIs might have been determined from a mixture of 1,7- and 1,6-regioisomers. 
The introduction of stronger electron-donors, such as N-pyrrolidinyl and N-piperidinyl groups, lead to 
even more pronounced shifts.39,55,58 Accordingly, the substitution of amino groups at 1,7-bay-positions 
results in a bathochromic shift of ca. 150 nm in the absorption spectrum relative to the corresponding 
unsubstituted PDIs, and shifts the emission in near infrared region. Resultantly, these PDIs appear dark 
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green in the solution as well as in the solid-state. In these green dyes, the optical transition acquires 
significant amino-to-PDI charge-transfer character, and consequently pronounced solvatochromism is 
exhibited by them and their fluorescence quantum yield is significantly reduced. In contrast to electron-
donating groups, the PDIs exhibit smaller spectral changes when electron-withdrawing substituents 
(e.g. fluoro, bromo, and cyano) are attached at the bay-positions.23,36,59,  
2.2.2 Electrochemical properties 
Basically, the PDI dyes have inherently high electron affinity, and consequently they are easy to reduce 
and rather difficult to oxidize. The electrochemical data of some of the representative PDI derivatives 
are summarized in Table 2.2. For simple N,N'-dialkyl- or N,N'-diaryl-PDIs with no core-substitution, 
two reversible reduction waves and one reversible oxidation wave are observed.60 Similar to the optical 
properties, the nature of the N,N'-substituents has very little effect on the redox potentials. Even 
replacing N,N'-diphenyl substituents by electron-withdrawing N,N'-di(pentafluorophenyl) groups 
increases the electron-accepting capability of the PDI by only 0.11 V.61 It also can be related to the 
location of the imide nitrogen atoms on a nodal plane in the frontier orbitals due to which the imide 
substituents modify the orbital energies only by inductive effects. In contrary, the bay-substituents can 
exert significant effects on the redox characteristics of the PDIs. The first reduction potential of non-
bay-substituted PDIs is almost comparable to that of Buckminster fullerene.62 The substitution of strong 
electron-withdrawing cyano groups leads to PDIs, which are even more easily reduced than fullerene.36 
The di- and tetrafluoro bay-substituents render only a nominal effect on the reduction potential. 
However, the tetrafluorinated PDIs are found somewhat easier to reduce than the corresponding 
difluorinated derivatives.59  
On the other hand, the presence of electron-donating substituents at the bay-positions decreases the 
electron-accepting capability of PDIs. The substitution of strong electron-donating alkylamino 
substituents (e.g. pyrrolidinyl, piperidinyl etc.) makes the dye sufficiently electron rich, so that these 
green PDIs exhibit even two oxidation states at moderate potentials.39,58 At the same time, the 
reductions require higher potential. For example, the derivative with two pyrrolidinyl substituents at the 
bay-positions is ca. 0.3 V less readily reduced and ca. 1.0 V more readily oxidized than analogues PDIs 
without bay substituents (Table 2.2). Accordingly, these green dyes are the only ones which cannot be 
considered as electron-deficient. In the presence of moderate electron-donating phenoxy substituents at 
the bay-positions, the oxidation occurs at relatively lower potential in comparison to the parent 
unsubstituted PDI. However, the phenoxy groups almost preserve the excellent electron-acceptor 
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character of the dye.  Even in the presence of four phenoxy groups, the reduction peak moves to higher 
potentials only by ca. 0.1 V.63 At the same time, these groups significantly improve the solubility of the 
dye by reducing the π−π aggregation. Resultantly, various phenoxy substitents with bulky substituents 
have been incorporated at the bay-positions to ensure high solubility and good electron accepting 
capability of PDIs.63,64   
Table 2.2. Redox potentials (V vs Ferrocenium/Ferrocene) of some representative perylene diimides.a 
Compound Solvent E1red E2red  E1ox  E2ox  
 
 
 
CH3CN 
 
 
 
 
CH3CN 
 
 
 
 
DCM 
 
 
 
 
 
DCM 
 
 
 
 
 
PrCN 
 
 
 
 
PrCN 
 
−0.98 
 
 
 
 
−0.93 
 
 
 
 
−1.11 
 
 
 
 
 
−1.09 
 
 
 
 
 
−1.28 
 
 
 
 
 
−0.59 
 
−1.21 
 
 
 
 
−1.15 
 
 
 
 
−1.29 
 
 
 
 
 
−1.25 
 
 
 
 
 
−1.46 
 
 
 
 
 
−0.92 
 
+1.21 
 
 
 
 
+1.25 
 
 
 
 
+1.05 
 
 
 
 
 
+0.88 
 
 
 
 
 
+0.16 
 
 
 
 
 
− 
 
− 
 
 
 
 
− 
 
 
 
 
− 
 
 
 
 
 
− 
 
 
 
 
 
+0.23 
 
 
 
 
 
− 
a The values for the bis-bay-functionalized PDIs might have been determined from a mixture of 1,7- and 1,6-regioisomers. 
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2.3 Different Roles of PDIs in Donor−Acceptor Based Systems 
A wide range of donor−acceptor based dyads and more complex systems that absorb visible light and 
undergo energy and/or electron transfer have been prepared and studied in detail owing to their 
potential applications in photovoltaic and optoelectronic devices.9,14,65 In this context, many 
photoactive molecules (e.g. phthalocyanines, porphyrins, metal complexes, and fullerenes) have been 
explored as building blocks to construct various donor−acceptor based systems. Most of these 
molecular components, however, possess certain specific properties, which enable them to play only a 
particular role in the D−A systems, efficiently. For example, phthalocyanines and porphyrins are most 
suitable candidates only as efficient electron-donors, whereas fullerenes are used as efficient 
acceptors.6,9,10,14 Moreover, for most of the chromophores, it is very difficult to tune their properties 
significantly by molecular tailoring. In this sense, the PDIs are proved to be very versatile owing to the 
convenient tunability of their optical and electrochemical properties. Consequently, these versatile 
chromophores have been employed in the D−A based systems not only as an electron-acceptor, but also 
as an electron-donor. In addition, these dyes have also been employed successfully as light-harvesting 
antenna due to their strong absorption the visible region. These aforementioned roles of PDI dyes are 
discussed below in brief.  
2.3.1 PDIs as light-harvesting antenna 
An antenna or light-harvesting molecule is the one, which increases the absorption cross-section of 
solar light without undergoing charge-separation itself. Following the photoexcitation, a series of one or 
more energy transfer steps occurs, which funnels the excitation energy to a site at which the charge-
separation occurs. Resultantly, the robust nature and efficient light-harvesting capability make the PDI 
chromophores appealing candidates for the development of integrated light-harvesting and charge-
separation systems for artificial photosynthesis. As an example, a large molecule (Py-PDI−PDI4, Figure 
2.5), having four diphenoxy-substituted PDIs (designated as PDIs) attached to a central dipyrrolidinyl-
substituted PDI (designated as Py-PDI) has been prepared, which self-assembles into stacked dimers 
(Py-PDI−PDI4)2 in the toluene solution driven by π−π interactions of the PDIs.66 In this molecule, the 
peripheral PDIs act as a light-harvesting antenna. Therefore, the photoexcitation of the dimer results in 
energy transfer from the PDI molecules to the Py-PDIs in 21 ps, followed by quantitative charge-
separation between the two Py-PDI molecules in 7 ps to form Py-PDI•+−Py-PDI•− radical ion pair. The 
ion pair recombines with lifetime of τCR = 420 ps. 
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Figure 2.5. The structure of the compound Py-PDI−PDI4. 
Würthner et al. have synthesized calix[4]arene-based  light  harvesting  arrays  consisting of orange, 
red, and green PDIs ordered in  a  cofacial  arrangement.67 In the system, efficient sequential energy 
transfer could be observed from the initially excited orange PDI to the red, and finally from the red PDI 
to the green. Consequently, upon the excitation of the inner orange PDI at λex = 490 nm, fluorescence 
emission of the outer green PDI at 744 nm was observed.  
PDIs have also been employed as light-harvesting antenna to enhance the absorption strength of the 
fullerene and its derivatives, which is discussed in more detail in the section 2.5.  
2.3.2 PDIs as electron-acceptors 
Taking advantage of strong absorption and high electron-accepting properties of PDIs, the dyes have 
been extensively applied as electron-acceptors in donor−acceptor based systems to study photoinduced 
electron transfer. Both intermolecular electron transfer between PDI-based acceptors and various 
electron donors (e.g. polythiophenes), and intramolecular electron transfer within covalently linked 
donor−PDI molecules have been largely studied using transient absorption spectroscopy.51,68−77  
The radical anion and the dianion formed by the reduction of PDIs produce easily recognizable 
absorptions, enabling one to follow the dynamics of the electron transfer processes. The optical spectra 
of these species have been well characterized due to their reasonable stability and the ease with which 
they can be generated. The absorption spectra of a neutral PDI and its chemically generated anion and 
dianion are shown in Figure 2.6. The peak molar absorption coefficient for the PDI radical anion at 713 
nm is ca. 1.0×105 M−1cm−1, while the dianion shows an absorption coefficient of ca. 1.0×105 M−1cm−1 
at 546 nm.78 As with neutral PDIs, the imide substituents have limited impact on position and strength 
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of the anion absorption spectra, while the substituents at the bay-positions cause considerable change in 
the band shapes and peak positions. 
 
Figure 2.6. The absorption of N,N'-di(2,5-di-tert-butylphenyl)-PDI, and of its anion and dianion in ethanol (reference 78). 
In the quest to prepare highly efficient donor−PDI based systems, both covalently and supramolecularly 
assembled architectures, consisting of either porphyrins or phthalocyanines (Pcs) as electron-donors, 
have been extensively synthesized and studied during the last two decades.69−77 Earlier, the attachment 
of the donors to the PDIs had been carried out exclusively through the imide positions. However, 
during the recent years, the electron-donors are linked to the PDIs through the bay-positions using the 
conjugated linkers thus forming strongly coupled systems. As far as covalently linked systems are 
concerned, these tightly coupled ensembles have generally shown better electron transfer properties, 
such as longer-lived CS states. Some of the representative systems/examples are gathered in Figures 2.7 
and 2.8.  
The results obtained from above studies helped to understand the electron-transfer process in the 
systems. For example, a D−A−D triad B1 composed of a PDI and two porphyrin moieties was reported 
in 1992.73 In the triad, the photoexcitation of the porphyrin moieties at 585 nm results in the formation 
of D+−A−−D charge-separated (CS) state with a time constant of 9 ps and the subsequent charge-
recombination occurs with a time constant of 120 ps. The further excitation of the triad with much 
higher intensity irradiation at 585 nm results in formation of a D+−A2−−D+ doubly CS state as 
demonstrated by the observation of the PDI dianion absorption at ca. 546 nm. However, the time 
constants for both charge-separation (178 ps) and charge-recombination (4.5 ns) were found 
significantly higher than for the single CS state. In a recently reported porphyrin−PDI−porphyrin triad 
B2, the two moieties were linked through the PDI bay-positions via ethynylene-linker to achieve 
stronger D−A interactions.74 In this triad, the lifetime of the CS state (ca. 290 ps) was found to be 
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longer than that of triad B1. In an exactly similar tightly coupled triad B3, but with two phthalocyanines 
connected to the PDI, the excitation of phthalocyanine produces a nanosecond lived charge-separated 
state.75 
 
 
Figure 2.7. The structures of some covalently linked porphyrin−PDI−porphyrin and Pc−PDI−Pc triads studied earlier. 
Supramolecular electron donor−acceptor assemblies (B4 and B5) have also been prepared through axial 
coordination of a PDI entity, bearing two 4-pyridyl substituents at the imido-positions, to the Ru(II) 
metal centers of either two porphyrins or two phthalocyanines fragments.76,77 Interestingly, the 
photophysical behavior of the two ensembles has been found to be very different in spite of the exactly 
similar design. In the Pc−PDI−Pc assembly, photoexcitation of either chromophore resulted in a long-
lived charge-separated state with a lifetime of ca. 115 ns. In contrast, in the case of 
porphyrin−PDI−porphyrin ensemble, electron transfer from the porphyrin to the PDI (τcs = 5.6 ps and τcr 
= 270 ps) was observed only after the excitation of PDI moiety; whereas photoexcitation of the 
porphyrin moieties resulted in triplet energy transfer. 
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Figure 2.8. The structures of supramolecular porphyrin−PDI−porphyrin and Pc−PDI−Pc ensembles studied earlier. 
2.3.3 PDIs as electron-donors 
As mentioned previously, the substitution of the strong electron-donating groups at the bay-region 
produces PDIs with a good electron-donating ability.39 In particular, the dipyrrolidinyl substituted PDI 
(commonly known as the “green” PDI) exhibits sufficiently low oxidation potential, which makes this 
derivative a potential candidate for the use as electron-donor in the donor−acceptor based systems. At 
the same time, this derivative has a broad and strong absorption in the near infrared region.58 Therefore, 
it offers a better light-harvesting capability in comparison to most of the other commonly used electron-
donors, such as porphyrins. Moreover, similar to the PDI radical anion, the radical cation of the green 
PDI is easily recognizable by its characteristic absorption (Figure 2.9).58  
Regardless of the favorable properties, however, the electron-donating ability of this green-PDI has 
not been fully explored in the D−A systems. The first observation of the use of the green PDI as 
electron-donor appeared in 2002, when Wasielewski et al. prepared electron donor−acceptor dyads by 
linking the green PDI to electron-acceptors such as pyromellitimide and naphthalene diimide through 
the imide positions.58 In these dyads, the photoexcitation of the green PDI successfully resulted in a 
formation of the CS state in both polar and non-polar media as evidenced by the femtosecond transient 
absorption measurements.  After this, no further attempts were carried out for a few years. 
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Figure 2.9. The absorption of radical cation of dipyrrolidinyl-PDI in DCM (left) and the structure of PDI−C60 dyad reported 
in 2006 (right). 
Eventually, in the year 2006, a dyad has been synthesized by linking dipyrrolidinyl-PDI with fullerene, 
through the imide position (Figure 2.9).79 The elaborated study of the photophysical properties of this 
dyad revealed that the green PDI has large reorganization energy in electron transfer.80 Consequently, in 
the dyad, the electron-transfer from the green PDI to fullerene occurs only in polar solvents; whereas in 
non-polar solvents, the singlet energy transfer governed the excited-state deactivation. This report has 
hampered the employment of the green PDI as electron-donor, and resultantly no studies were carried 
out further.  
2.4 PDIs in Other Applications 
During the last two decades, the PDIs have also gained considerable amount of interest in many other 
burgeoning fields of applications. In this regard, they have been intensively utilized in organic field 
effect transistors (OFETs),35,37,40,61,81 organic light-emitting diodes (OLEDs),82,83 logic gates,84 
molecular sensors,85 molecular wires86, electro-photographic devices87, and so forth.  
Among all the n-type organic semiconductors, the PDIs are the most promising compounds. In terms 
of the absorption profile, stability, and charge carrier mobility; the PDI dyes clearly outperform 
fullerenes. In addition, the electron affinities of both the chromophores are in a similar range. These 
facts have tempted the material chemists to employ perylene diimides in photovoltaic applications.88,89 
Resultantly, the PDIs have been extensively utilized in the hetero-junction solar cells mostly as electron 
acceptors. In addition, they have also been copolymerized with electron rich units to achieve materials 
functioning as donor−acceptor materials for single system devices.88 In the beginning, imide substituted 
PDIs had been employed in the solar cells; but fast intermolecular charge recombination had always 
been a problem with them, presumably as a result of the strong aggregation of PDIs. Later on, bay-
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functionalized PDIs (e.g. diphenoxy substituted) have been used as acceptors. The presence of bay-
substituents effectively suppressed the aggregation and consequently the intermolecular charge 
recombination could be minimized.90 However, despite a good power conversion efficiency of 3.17 %, 
the hetero-junction solar cells based on bay-functionalized PDIs are still not able to compete with the 
solar cells based on other materials.90 The PDIs have also been applied as sensitizers in dye-sensitized 
solar cells since they can be easily functionalized with carboxylic acid or anhydride groups, which serve 
as anchors for the attachment onto inorganic semiconductor surfaces.88,89 
2.5 Photosensitization of Fullerene (C60) 
Since their discovery some 25 years ago, fullerenes have generated enormous interest in the field of 
photochemistry and molecular photovoltaics, due to their high electron affinity,91 excellent electron 
accumulation ability,62 easy functionalization,92 and high electron mobility.93 Owing to these properties, 
fullerene is a widely used electron-acceptor material in organic solar cells. In particular, its derivative 
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) has become a key component for the development 
of highly efficient bulk heterojunction solar cells.94−97 This approach consists of generating an 
interpenetrating network by blending the p-type electron-donating conjugated polymer and PCBM as an 
n-type material. However, a severe drawback of PCBM is its poor absorption strength in the visible 
spectral region. Therefore, the C60 derivatives are often coupled with dye molecules in order to extend 
the solar spectrum coverage to achieve better absorption efficiencies.  
A literature survey shows that a large number of “fullerene−donor” systems have been reported, in 
which photoinduced energy and electron transfer processes either compete with each other or take place 
selectively depending on the polarity of the media.98−102 Whereas, there are few examples, which 
exhibit exclusively the transfer of energy from the light-harvesting antenna to the fullerene unit in both 
polar and non-polar environment.103−107 In this regard, PDI chromophores have also been chosen as 
antennas aiming to utilize their excellent light-harvesting properties.106,107 The structures of some 
representative PDI−C60 dyads are gathered in Figure 2.10. An efficient and fast intramolecular energy 
transfer from the PDI to the fullerene was evidenced in these dyads. It makes them suitable for the use 
in bulk heterojunction solar cells considering that PDI will act as a light-harvesting antenna, while an 
electron transfer will occur selectively from p-type polymer to fullerene. However, the practical 
problem towards the use of these dyads in solar cells lies in the fact that the PDIs have almost 
comparable electron-accepting capability to that of fullerene. Consequently, in the photoactive layer, 
the PDI moiety would also act as an electron-acceptor instead of acting exclusively as an antenna.  
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Figure 2.10. The structures of some PDI−C60 dyads in which PDI is employed as light-harvesting antenna. 
Therefore, in order to perform the specific role of harvesting and transferring the light energy to 
fullerene, the light-harvesting molecule must have high enough oxidation potential to prevent any 
electron transfer to fullerene. At the same time, it is also important that the molecule has first reduction 
potential higher than fullerene. In that case only the fullerene moiety could act as unambiguous electron 
acceptor, when the system is incorporated in a bulk heterojunction device with the electron-donor 
material.  
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3 Materials and Methods 
The experimental aspects of the work, especially regarding the characterization, electrochemical, and 
spectroscopic studies, are described in this section.  
3.1 Characterization 
All the synthesized compounds were characterized by NMR spectroscopy and/or mass spectrometry. 
The 1H, 13C, and 1H−1H COSY NMR spectra were recorded with Varian Mercury 300 MHz 
spectrometer in CDCl3 at room temperature. All the chemical shifts are quoted relative to TMS (δ = 0.0 
ppm); δ values are given in ppm and J values in Hz. The NMR spectroscopy proved to be a very 
powerful tool in characterization of the 1,7- and 1,6-regioisomers of bay-functionalized PDIs. The 1H 
NMR spectra were utilized not only to estimate the relative proportion of the 1,7- and 1,6-regioisomers 
in the mixture, but also to monitor the separation process of the two. Moreover, the 1H NMR spectra 
also allowed the unequivocal assignment of the signals to the 1,7- and 1,6-regioisomers. As far as 
donor−acceptor dyads are concern, the comparison of the 1H NMR spectra of the individual 
chromophores with those of dyads helped to prove the close-proximity of the donor and acceptor 
moieties in the dyads. High-resolution mass spectra were measured with Waters LCT Premier XE ESI-
TOF benchtop mass spectrometer. To obtain accurate mass value, we simultaneously infused the 
solution of the reference compound (leucine enkephaline) with analyte, and processed the experimental 
spectra according to the routine of accurate mass measurements (peak centering and lock-mass TOF 
correction). 
3.2 Opto-electrochemical Studies and Instrumentation 
3.2.1 Differential pulse voltammetry 
The differential pulse voltammetric studies were performed to compare the redox characteristics of the 
individual entities and those of the dyads to obtain a better understanding of the ground-state interaction 
between the two closely linked donor and acceptor moieties.  The obtained redox potentials were also 
used to estimate the energies of the charge-separated states of the dyads [ECS = E1ox(D) − E1red(A)].  
The differential pulse voltammograms were obtained using potentiostat (Iviumstat compactstat IEC 
61326 Standard) controlled by PC with the software Iviumsoft (Version 1.752) in a three-electrode 
single-compartment cell consisting of a platinum-in-glass as working electrode, Ag/AgCl as reference 
electrode, and a graphite rod as counter electrode. During the measurements, the values of pulse height, 
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pulse width, and step voltage were set to 20 mV, 20 ms, and 2.5 mV, respectively. Benzonitrile 
containing 0.1 M tetrabutylammonium tetrafluoroborate was used as solvent. The concentrations of the 
samples were ca. 0.5 mM. The measurements were done under continuous flow of nitrogen. A Fc/Fc+ 
redox couple was used as an internal standard, which exhibited oxidation at +0.48 V. The 
measurements were carried out in both directions: toward the positive and negative potential. The 
oxidation and reduction potentials were calculated as an average of the two scans. 
 3.2.2 Steady-state absorption and emission spectroscopy 
The absorption spectra of the solutions were measured with Shimadzu 3600 UV-Vis absorption 
spectrophotometer in the range 350−850 nm. In the case of donor−acceptor dyads, the absorption 
spectra were used to know the absorption regions of the individual chromophores and to select the best 
possible excitation wavelength for the steady-state emission and time-resolved absorption 
measurements. The comparison of the absorption spectra of individual chromophores with those of 
dyads helped to reveal the presence of the ground-state interaction between the two acting moieties. 
     The examination of the fluorescence emission characteristics of all the donor−acceptor dyads and 
also of the relevant individual chromophores was performed to have preliminary estimations of the 
efficiency of photoinduced electron and/or energy transfer processes taking place between the donor 
and acceptor moieties. The fluorescence quantum yields of the phenoxy-substituted PDIs (the red PDIs) 
and their derivatives were determined relative to fluorescein (Φf = 0.92 in 0.1 N NaOH aqueous 
solution); whereas cresyl violet (Φf = 0.54 in methanol) was used as a reference dye for the compounds 
based on pyrrolidinyl-substituted PDIs (the green PDIs).55,108 The quantum yield of 
dibenzo[a,c]phenazine molecule was determined relative to anthracene (Φf = 0.27 in ethanol).109 The 
given quantum yields are averaged from values measured at three different excitation wavelengths. For 
these measurements, the optical densities at the excitation wavelengths were maintained at around 0.1 
to avoid reabsorption.  
 3.2.2 Time-resolved absorption and emission spectroscopy 
The flash-photolysis method was used to conduct time-resolved absorption measurements in nano to 
microsecond time scale with 10 ns laser pulses. The optical scheme of the flash-photolysis instrument is 
shown in Figure 3.1. In this method, the sample is photoexcited by a strong light pulse (known as the 
pump pulse). The pump pulse is used to excite the sample molecules to the higher energy. Reduced 
population of the ground-state molecules results in the decreased ground-state absorption (so-called 
bleaching) at the corresponding wavelengths. The transient states formed upon the excitation have their 
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individual absorption characteristics, which give rise to the increased absorption at the respective 
wavelengths. In this way, the sample undergoes negative and positive absorption changes due to the 
population disturbance caused by the photoexcitation. The absorption changes are monitored by the 
continuous light called the probe, as a function of time at the given wavelength.  
  
Figure 3.1. The simplified scheme of the flash-photolysis instrument. 
 In the present study, the pump pulses, either directly from the second harmonic of Nd:YAG laser (λex = 
532 nm) or from a tunable Ti:sapphire laser (λex = 400 or 420 nm) pumped by the second harmonic of 
Nd:YAG laser, were used for the excitation. The continuous white light from the xenon lamp was used 
as the probe. The samples were deoxygenated by the continuous bubbling of nitrogen throughout the 
measurements starting from 30 minutes prior to the measurement. The optical density of solutions at 
excitation wavelength was maintained ca. 0.6, and the excitation power density was maintained ca. 1 
mJ/cm2. 
The pump-probe technique was used to detect fast processes taking place in picosecond time-scale 
and also to investigate the formation of charge-separated state. The excitation source was a Ti:sapphire 
laser generating 100 fs pulses at ca. 800 nm, and the excitation wavelength used to conduct these 
studies was 420 nm. In the articles I, III, and IV, the transient absorption results were presented as 
decay component spectra, where the amplitudes of the components from the fitting are plotted at each 
wavelength.  
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Fluorescence decays of the samples in the nanosecond and sub-nanosecond time scales were 
measured using a time-correlated single photon counting (TCSPC) system (PicoQuant GmbH) 
consisting of PicoHarp 300 controller and PDL 800-B driver. The compounds based on red PDIs were 
excited with the pulsed diode laser head LDH-P-C-485 at 483 nm. The green PDIs were excited with 
the pulsed diode laser head LDH-P-C-650 at 648 nm. For the dibenzo[a,c]phenazine based molecules, 
the samples were excited with the pulsed diode laser head LDH-P-C-405B at 404 nm. Fluorescence 
decays were measured at the wavelength of emission maximum. The signals were detected with a micro 
channel plate photomultiplier tube (Hamamatsu R2809U). The time resolutions of the TCSPC 
measurements were 60 ps, 110 ps, and 80 ps at the excitation wavelengths 404 nm, 483 nm, and 648 
nm, respectively.  
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4 Results and Discussion 
This chapter involves a summary of the syntheses and spectroscopic results, which were introduced in 
the publications I−IV. 
As mentioned previously in Chapter 2, during the last decade numerous bay-functionalized PDIs 
have been synthesized. These derivatives possess various peculiar properties, which make them 
attractive building blocks for the use in photoinduced donor−acceptor systems.  Among all, however, 
the phenoxy and pyrrolidinyl substituted PDIs are of special interest. Basically, the unsubstituted PDIs 
are excellent n-semiconductors, but exhibit poor solubility due to π−π stacking when employed in 
complex systems. Therefore, the phenoxy groups were attached to the bay-region aiming to improve the 
solubility of the dye in common organic solvents while retaining the basic electron-acceptor and optical 
characteristics. On the other hand, the attachment of the strong electron-donating pyrrolidine groups 
makes the dye a good electron donor while improving the solubility at the same time. Moreover, the 
lowest energy electronic transition moves to longer wavelengths, which helps to harvest solar energy 
more efficiently. Therefore, we planned to employ these bay-functionalized PDIs in the construction of 
donor−acceptor systems, which can undergo directional photoinduced electron or energy transfer 
process. But prior to their use, we wanted to know the exact properties of the 1,7- and 1,6-regioisomers 
of these two bay-functionalized PDIs in view of the two reports which evidenced different behavior of 
the two regioisomers when n-octylamino and marpholino groups are attached at the bay-region.110,111   
4.1 The Synthesis of N,N'-dioctyl-1,7(6)-dibromoperylene diimide 
All the PDI based derivatives and dyads, reported in the thesis, were synthesized from N,N'-dioctyl-
1,7(6)-dibromoperylene diimide 3, which was a mixture of 1,7- and 1,6-regioisomers in a ratio ca. 3:1. 
The synthesis of this mixture was carried out from PTCDA 1 in two steps according to the route 
depicted in Scheme 4.1. At first, the dibromo-PTCDA was prepared by the bromination of PTCDA 1, 
following the widely used method described by Böhm et al in 1997.34 The reaction led to the crude 
product 2 which was a mixture of 1,7- and 1,6-dibromo-PTCDA along with a very small amount of 
1,6,7-tribromoperylene dianhydride.48 In this mixture, the presence of 1,7- and 1,6-regioisomers can 
only be detected by high-field (600 MHz) 1H NMR spectroscopy in concentrated D2SO4. Moreover, the 
crude product 2 is insoluble in all the organic solvents. Therefore, it was subjected to the imidization 
without additional purification.  
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Scheme 4.1. Bromination of perylenetetracarboxy dianhydride 1 and subsequent imidization. 
Imidization of the crude product 2 with n-octylamine in refluxing propionic acid yielded  dibromo-PDI 
3 as a mixture of 1,7- and 1,6-regioisomers along with a small quantity (ca. 1 %) of 1,6,7-tribromo-PDI 
4. The 1,6,7-tribromo-PDI 4 was successfully isolated from the product 3 by column chromatography 
(Silica-60/CH2Cl2). However, 1,7- and 1,6-dibromo-PDIs could not be separated chromatographically 
and the presence of isomers could not be detected by 300 MHz 1H NMR spectroscopy. Consequently, 
the regioisomeric mixture was used as such for further reactions. 
4.2 Chemistry of 1,7- and 1,6-Regioisomers of Diphenoxy Substituted PDI 
4.2.1 Synthesis, separation, and characterization 
The regioisomeric mixture 3 of dibromo-PDIs was reacted with 2,4-di-tert-butylphenol to afford a 
regioisomeric mixture of N,N'-dioctyl-1,7- and 1,6-di(2,4-di-tert-butylphenoxy)perylene diimide by the 
nucleophilic substitution of both bromine atoms (Scheme 4.2). 
 The product, after purification, was characterized by 1H NMR spectroscopy (300 MHz, CDCl3) and 
mass spectrometry. The presence of 1,7- and 1,6-regioisomers in the product was verified by 1H NMR 
spectrum, which exhibited two sets of signals with different intensities in the aromatic region. Two well 
resolved doublets and singlets were observed in the region between 8.1−8.7 ppm (Figure 4.1a). In 
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addition, two broad doublets were overlapped at around 9.6 ppm. The integration areas of the doublets 
at 8.56 and 8.63 ppm revealed that 1,7-5 and 1,6-5 are present in the product in a ratio 70:30. These two 
regioisomers, 1,7-5 and 1,6-5, could not be separated by conventional column chromatography. 
Fortunately, these two regioisomers had shown very different solubility in toluene. The minor isomer 
1,6-5 exhibited significantly better solubility (as high as 15 mg/mL) in comparison to major isomer 1,7-
5 (ca. 0.2 mg/mL). We exploited this difference to separate them from each other, successfully. The 
process must be repeated at least three times in order to achieve complete separation of both 
regioisomers. The separation process was monitored thoroughly by 300 MHz 1H NMR spectroscopy.  
 
Scheme 4.2. Synthesis of compounds 1,7-5 and 1,6-5. 
 
 
Figure 4.1. 1H NMR (300 MHz, CDCl3) spectra: (a) regioisomeric mixture of 1,7-5 and 1,6-5 (b) pure 1,7-5 regioisomer (c) 
pure 1,6-5 regioisomer. 
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It is to be noted that the characteristic signals of the regioisomers 1,7-5 and 1,6-5 in the 1H NMR 
spectra (Figure 4.1), one singlet and two doublets of perylene core protons, exhibit significant 
differences in the chemical shift values (0.1 ppm for the singlets and 0.08 ppm for the doublets at 
8.53−8.66 ppm). However, a convenient unequivocal assignment of the NMR spectrum to the 
individual regioisomers 1,7-5 and 1,6-5 was performed based on the signal of methylene protons next 
to the imide nitrogen at ca. 4.13 ppm. Due to the same chemical environment, all four methylene 
protons of major regioisomer 1,7-5 appear as one triplet at 4.13 ppm (Figure 4.1b). On the other hand, 
for minor regioisomer 1,6-5 two separate triplets (at 4.19 and 4.07 ppm) were observed for the same 
four methylene protons (Figure 4.1c). In this way, an unambiguous characterization has been made 
successfully on the basis of 300 MHz 1H MNR spectroscopy.  
4.2.2 Comparison of electrochemical and optical properties 
The two regioisomers of diphenoxy substituted PDIs (1,7-5 and 1,6-5), which are mainly utilized for 
their good electron acceptor capability, displayed very similar redox characteristics. Both the isomers 
displayed the characteristic two reversible one-electron reductions at almost the same potentials (Table 
4.1). For the isomer 1,7-5, the two reductions occurred at −0.61 V and −0.85 V (vs Ag/AgCl). Whereas 
for 1,6-5, both first and second reductions were found to be slightly shifted to more negative values by 
30 and 40 mV, respectively. As far as oxidation potential is concerned, only one irreversible oxidation 
peak was observed at around +1.47 V for both compounds as expected. In this way, the two 
regioisomers 1,7-5 and 1,6-5 displayed virtually the same redox capabilities. 
Table 4.1. Redox potentials (V vs Ag/AgCl) of 1,7-5, 1,6-5, 1,7-6[a] and 1,6-6[a]  obtained by DPV in benzonitrile ([a] 
see chapter 4.3). 
Compound E1ox E2ox E1red E2red 
1,7-5 
1,6-5 
1,7-6 
1,6-6 
+1.47 
+1.46 
+0.63 
+0.77 
− 
− 
+0.77 
+1.28 
−0.61 
−0.64 
−0.83 
−0.83 
−0.85 
−0.89 
−0.99 
−0.99 
 
The steady-state absorption spectra of both regioisomers are dominated by characteristic π−π* 
transitions and resemble with each other (Figure 4.2). For both regioisomers, the absorption bands 
attributed to S0−S1 electronic transition are located at around 555 nm in CHCl3. However, the molar 
extinction coefficient was found to be lower for 1,6-5 in comparison to 1,7-5. The absorption properties 
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of these two regioisomers are also investigated in non-polar toluene and polar benzonitrile, but no other 
noticeable differences were observed between the two.  
 
Figure 4.2. Absorption spectra of 1,6-5 (black) and 1,7-5 (red) in chloroform. 
Further insight into the optical properties of 1,7-5 & 1,6-5 was gained by steady-state emission and 
time-correlated single photon counting (TCSPC) methods. The two regioisomers were examined in 
three different solvents i.e. toluene, chloroform, and benzonitrile. The emission spectra and 
fluorescence decays of these compounds in chloroform are depicted in Figure 4.3, and the data are 
summarized in Table 4.2. 
    
Figure 4.3. Normalized emission spectra (left, λex = 474 nm) and fluorescence decay time profiles (right, λex = 483 nm) of 
1,7-5 (red, λmon = 587 nm) and 1,6-5 (black, λmon = 593 nm) in CHCl3.   
Both the regioisomers 1,7-5 and 1,6-5 exhibited approximately similar emission characteristics as well. 
The emission bands were approximately the mirror image of their absorption bands with Stokes shifts 
of ca. 35 nm. However, the emission band of 1,6-5 (λmax = 593 nm) was found to be slightly broader 
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and red shifted in comparison to that of 1,7-5 (λmax = 587 nm) in chloroform as shown in Figure 4.3. 
The emission maxima of both isomers exhibited small bathochromic shift (ca. 14−16 nm) upon moving 
from non-polar toluene to moderately polar chloroform (Table 4.2). Both regioisomers were found to be 
highly emissive, in all the investigated solvents, with fluorescence quantum yields greater than 0.92. 
The singlet-state lifetimes were also found approximately similar for 1,7-5 and 1,6-5 (Table 4.2).  
Table 4.2. Optical properties of 1,7-5,  1,6-5, 1,7-6[a] and 1,6-6[a] in different solvents ([a] see chapter 4.3). 
Compound Solvent λabs(nm) λem(nm) Φf τf (ns) 
 
1,7-5 
toluene 
chloroform 
benzonitrile 
548 
556 
553 
573 
587 
583 
0.97 
0.97 
0.98 
4.91 
5.39 
4.79 
 
 
1,6-5 
 
toluene 
chloroform 
benzonitrile 
 
545 
554 
550 
 
577 
593 
590 
 
0.96 
0.94 
0.92 
 
5.52 
5.81 
5.35 
 
 
1,7-6 
 
hexane 
toluene 
chloroform 
ethanol 
 
661 
687 
702 
699 
 
703 
724 
743 
770 
 
0.54 
0.40 
0.32 
0.07 
 
6.08 
4.48 
3.47 
1.03 
 
 
1,6-6 
 
hexane 
toluene 
chloroform 
ethanol 
 
647 
671 
688 
688 
 
728 
735 
752 
778 
 
0.09 
0.07 
0.06 
0.02 
 
1.27 
1.26 
1.01 
0.51 
 
4.3 Chemistry of 1,7- and 1,6-Regioisomers of Dipyrrolidinyl Substituted PDI 
4.3.1 Synthesis, separation, and characterization 
The 1,7- and 1,6-regioisomers of dipyrrolidinyl substituted PDI,  1,7-6 and 1,6-6,  were synthesized 
from the dibromo-PDI 3 by the substitution of bromine atoms with pyrrolidine groups following the 
well established procedure (Scheme 4.3).39 Separation of 1,7-6 and 1,6-6 was performed by 
conventional column chromatography on Silica 100 using DCM as mobile phase. The two regioisomers 
were found to be of different colors; the 1,7-6 is deep green in color, while 1,6-6 is deep blue. 
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Scheme 4.3. Synthesis of compounds 1,7-6 and 1,6-6. 
 
Figure 4.4. 1H NMR (300 MHz, CDCl3) spectra of regioisomers 1,7-6, and 1,6-6. 
Both the regioisomers were characterized on the basis of 300 MHz 1H NMR spectroscopy. Similar to 
previously mentioned 1,7- and 1,6-diphenoxy substituted PDIs, an unequivocal assignment of the 1H 
NMR spectrum to the individual regioisomers 1,7-6 and 1,6-6 was based on the signal of methylene 
protons next to the imide nitrogen at 4.21 ppm (Figure 4.4). In the aromatic region two doublets and 
one singlet of the regioisomers 1,7-6 and 1,6-6 exhibit large differences in chemical shift values (ca. 
0.35 ppm). Additionally, these aromatic signals for 1,6-6 appear in different order (doublet, singlet, 
doublet) compared to that of 1,7-6 (singlet, doublet, doublet). This different pattern of appearance of 
singlet and doublets makes them even more easily recognizable by 300 MHz 1H NMR spectroscopy.  
4.3.2 Comparison of electrochemical and optical properties 
Unlike the 1,7- and 1,6-diphenoxy substituted PDIs, the two regioisomers of dipyrrolidinyl substituted 
PDIs (1,7-6 and 1,6-6) exhibited crucial differences in their electrochemical and optical properties. The 
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regioisomer 1,7-6 exhibited two oxidation peaks at moderate potentials (E1ox = +0.63 V, E2ox = +0.77 
V). For the 1,6-regioisomer, on the other hand, the two oxidation peaks were observed at +0.77 V and 
+1.28 V. This difference in the oxidation potentials clearly indicates that the removal of electrons from 
1,6-6 is more difficult in comparison to 1,7-6. However, both the regioisomers exhibited two reversible 
one-electron reduction peaks at the same potentials (E1red = −0.83 V, E2red = −0.99 V) implying the 
same electron-acceptor abilities (Table 4.1). 
For these two regioisomers, pronounced differences were also observed in their absorption features 
(Figure 4.5). In the case of 1,7-6, the lowest energy band is centered at 702 nm and has a small shoulder 
at ca. 650 nm. Whereas for the regioisomer 1,6-6, this band is significantly weaker and blue shifted by 
ca. 15 nm. In addition to the lower energy absorption at ca. 700 nm, the 1,7-regioisomer exhibits a 
higher energy S0−S2 electronic transition at 428 nm; but the corresponding band is almost absent in the 
case of 1,6-regioisomer. Quite surprisingly, 1,6-6 has an additional band centered at 550 nm, which 
looks very similar to the lowest energy band of the diphenoxy substituted PDIs (1,7-5 and 1,6-5). We 
presume that these differences in the absorption pattern are collectively responsible for the different 
colors of the two regioisomers. The lowest energy bands of both the regioisomers were found 
dependent on polarity of the solvent. A significant red shift was observed for both upon increase in the 
polarity of the surrounding medium (Table 4.2). 
The emission properties of 1,7- and 1,6-dipyrrolidinyl substituted PDIs (1,7-6 and 1,6-6) were 
investigated in four different solvents, namely hexane, toluene, chloroform and ethanol. The emission 
data are summarized in Table 4.2. 
        
Figure 4.5.  Absorption (left) and normalized emission spectra (right) of 1,7-6 (green) and 1,6-6 (blue) in chloroform. 
The 1,7- and 1,6-derivatives displayed large differences in their emission properties as well. However, 
the differences were found to be more pronounced in the non-polar solvents. For example, in hexane, 
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the emission maximum of 1,6-6 is bathochromically shifted by 25 nm compare to that of 1,7-6  (Table 
4.2). Whereas, in polar and weakly polar solvents (i.e. ethanol, chloroform and toluene), the emission 
maxima of 1,6-6 is bathochromically shifted by ca. 10 nm relative to that of 1,7-6. Quite unexpectedly, 
large differences are observed in the fluorescence quantum yields and lifetimes of these two isomers. 
Both were found significantly higher for the 1,7-regioisomer compared to those for 1,6-regioisomer in 
all the investigated solvents (Table 4.2). 
4.4 Synthesis of new derivatives of PDIs by the bay-attachment of 2-
(benzyloxymethyl)-pyrrolidine 
The major outcome of the aforementioned work was the exposure of the very different electrochemical 
and optical properties of the 1,7- and 1,6-dipyrrolidinyl-PDIs. Since the 1,7-dipyrrolidinyl-PDI has been 
a widely used dye for the construction of the photoactive systems, we were interested to further 
investigate the mutual differences in the excited-state properties of the 1,7- and 1,6-regioisomers in 
donor−acceptor based systems. Moreover, in the conventional 1,7-dipyrrolidinyl-PDI, the attachment of 
the other chromophore is possible only at the imide positions; which induces a potential drawback of 
keeping the two acting chromophores away from each other. It limits their applications in the 
donor−acceptor systems and also the performance of the synthesized systems. Within this framework, 
therefore, synthesis of the new derivatives with functionalized pyrrolidinyl groups was planned.     
In order to synthesize such PDI derivatives, the very first task was to synthesize a suitable 
pyrrolidine derivative, which readily reacts with dibromo-PDI 3. We chose L-proline 7 as the starting 
compound and transformed it to 2-(benzyloxymethyl)-pyrrolidine 11 in four straightforward steps as 
depicted in Scheme 4.4. Among many groups available for protecting hydroxyl groups, the selection of 
benzyloxy group was based on its electron donating nature and the robustness towards the harsh 
reaction conditions. The electron donating ability was highly desirable in order to enhance the reactivity 
of 2-(benzyloxymethyl)-pyrrolidine 11 as a nucleophile.   
 
Scheme 4.4. Synthesis of 2-(benzyloxymethyl)-pyrrolidine 11 from L-proline 7. 
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The next task was to attach 2-(benzyloxymethyl)-pyrrolidine 11 to the PDI core via substitution of 
bromine atoms of dibromo-PDI precursor 3 to obtain N,N'-dioctyl-1-bromo-7(6)-[2-
(benzyloxymethyl)pyrrolidinyl]perylene diimide 12 and N,N'-dioctyl-1,7(6)-bis-[2-
(benzyloxymethyl)pyrrolidinyl]perylene diimide 14 (Scheme 4.5). Taking into account that attachment 
of functionalized pyrrolidine to the PDI core was unprecedented, this task was considered to be the 
biggest challenge in the whole synthetic scheme. However, the reaction to attach a bare pyrrolidine at 
the bay-positions is well established, and has been routinely used to synthesize dipyrrolidinyl 
substituted PDI derivatives over a decade.39 This reaction is done by heating the solution of dibromo-
PDI 3 in neat pyrrolidine at 55 oC for a day. In the reaction, pyrrolidine works as both reagent and 
solvent. The role of pyrrolidine as a solvent, in this reaction, is feasible because it is a free flowing 
liquid (density = 0.852 g/mL) and easily dissolves dibromo-PDI 3. In contrast, the functionalized 
pyrrolidines are either solids or dense viscous liquids which make the use of an external solvent 
mandatory. Consequently, in order to realize this reaction, all the crucial parameters such as solvent, 
mol % of 2-(benzyloxymethyl)-pyrrolidine 11, reaction temperature, and reaction time were discovered 
and optimized. The most informative results are summarized in Table 4.3 and the most successful 
reactions are shown in Scheme 4.5.  
 
Scheme 4.5. Synthesis of 2-(benzyloxymethyl)pyrrolidinyl functionalized perylene diimides (12, 13, and 14). 
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Table 4.3. Coupling reaction of 2-(benzyloxymethyl)-pyrrolidine 11 and dibromo-PDI 3. 
Entry Solvent[a] mol % of 
11[b] 
Temp. 
(oC) 
Time 
(h) 
Yield 
12 
Yield 
13 
Yield 
14 
Yield 
3[c] 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
chloroform 
toluene 
toluene 
toluene 
toluene 
NMP 
NMP 
NMP 
NMP 
NMP 
NMP 
840 
840 
1450 
4000 
8850 
4000 
8000 
4000 
1600 
1600 
9300 
55 
90 
100 
100 
100 
100 
100 
100 
100 
90 
140 
24 
24 
20 
21 
18 
20 
10 
5 
20 
20 
1 
10 % 
50 % 
76 % 
5.7 % 
− 
4 % 
− 
50 % 
2 % 
30 % 
19 % 
− 
− 
− 
72 % 
71 % 
43 % 
65 % 
23 % 
62 % 
34 % 
−[d] 
− 
− 
4 % 
10 % 
20 % 
8 % 
11 % 
10 % 
5 % 
4 % 
−[d] 
80 % 
46 % 
18 % 
− 
− 
− 
− 
− 
− 
− 
14 % 
[a] dibromoperylene diimide (3) was dissolved in minimum possible volume of NMP by heating. [b] 2-(benzyloxymethyl)-
pyrrolidine (11). [c] recovered from the reaction. [d] N,N'-dioctyl-1-bromo-7(6)-hydroxy-perylene diimide was the main 
product. 
When the reaction was carried out in toluene at 100 oC with 1450 mol % of 2-(benzyloxymethyl)-
pyrrolidine 11, the mono-substituted product 12 was successfully obtained in a high yield i.e. 76 % 
(Table 4.3, entry 3). Therefore, these reaction conditions can be used for the efficient synthesis of 12, 
which can be considered as an important synthon for the preparation of asymmetrically bay-substituted 
PDIs. In the next step, we further increased the mol % of 11 in order to obtain the bis-substituted 
product 14 in high yield. The presence of 11 in the reaction mixture in higher mol % resulted in quite 
surprising results. When the reaction was carried out in the presence of 4000 mol % of 2-
(benzyloxymethyl)-pyrrolidine 11 (Table 4.3, entry 4), the reaction produced an unexpected mono-
debrominated compound 13 as the major product in high yield (72 %). At the same time, the desired 
bis-subsituted product 14 was obtained as minor product in only 10 % yield. To our biggest surprise, 
the 1H NMR analysis of the greenish-blue bis-substituted product 14 clearly revealed the presence of 
1,7- and 1,6-regioisomers in ca. 1:1 ratio. This estimation was unambiguously performed based on the 
intensities of the characteristic signals of PDI core protons (one singlet and two doublets) in the 
aromatic region (Figure 4.6a).  
In the idealistic case, the amount of 1,7-regioisomer in the product 14 is expected to be 
approximately three times higher than the corresponding 1,6-regioisomer. Simply, because of 
composition of starting compound dibromo-PDI 3, which has 1,7- and 1,6-regioisomers in ratio ca. 3:1. 
Very similar results were obtained, when the reaction was repeated with even higher excess (8850 mol 
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%) of 11 (Table 4.3, entry 5). Again, the reaction yielded the unexpected mono-debrominated 
derivative 13 in high yield of 71 %. However, this time an improved yield (20 %) of the desired bis-
substituted product 14 was obtained. This time also, the 1,7- and 1,6-regioisomers in the product 14 
were found in the ratio ca. 1:1. On the other hand, when the reaction time was shortened, the mono-
substituted derivative 12 was obtained as the major product in high yield.  
 
Figure 4.6. 1H NMR spectra (300 MHz, CDCl3, aromatic region) revealing composition of 1,7- and 1,6-regioisomers in the 
bis-substituted product 14 obtained from the reaction carried out (a) in toluene, and (b) in NMP. The signals corresponding 
to 1,7-regioisomer are marked with asterisk. 
The above-mentioned results clearly indicate the difference in the chemical behavior of 1,7- and 1,6-
regioisomers. Evidently, in the presence of higher mol % of 2-(benzyloxymethyl)-pyrrolidine 11, both 
1,7- and 1,6-regioisomers of dibrom-PDI 3 first undergo mono-substitution very smoothly to give N,N'-
dioctyl-1-bromo-7(6)-[2-(benzyloxymethyl)pyrrolidinyl]perylene diimide 12 in high yield. But at this 
stage, the major 1,7-regioisomer undergoes debromination more efficiently to yield 13 in comparison to 
the corresponding 1,6-regioisomer.  Therefore, the reaction produces mono-debrominated product 13 as 
the major product in high yield ca. 71 % and bis-substituted product 14 as the minor product, which 
contains approximately equal amounts of 1,7- and 1,6-isomers. These two regioisomers of bis-
substituted product 14 could not be separated from each other due to their similar mobilities. Therefore, 
the 1:1 mixture of two regioisomers was used as such for the further reaction.  
We also tried the reaction in the basic solvents to obtain a higher yield of the desired bis-substituted 
product 14. In N-methyl-2-pyrrolidinone (NMP) also, the mono-debrominated compound 13 was 
obtained as major product in high yield (ca. 60 %) and the desired bis-substituted product 14 as minor 
product with yield of ca. 10 % (Table 4.3, entries 6 and 7). However, in this case, the 1,6-regioisomer 
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was obtained in even higher amount compared to the corresponding 1,7-regioisomer in the bis-
substituted product 14 (Figure 4.6b). The reaction was also repeated with shorter reaction time (entry 
8), lower mol % of 11 (entry 9), and also at lower and higher temperatures (entries 10 and 11), but an 
improved yield of bis-substituted product 14 could not be achieved.    
The present study revealed that high temperature, ca. 100 oC, is essential for the efficient attachment 
of 2-(benzyloxymethyl)-pyrrolidine 11 to the PDI core. In addition, the choice of the solvent was also 
found to be highly crucial for this reaction. The yield of the mono-substituted product 12 decreased, 
drastically, when toluene was replaced with more basic solvent NMP (entries 3 and 9). Similarly, the 
yield of bis-substituted product 14 was also found higher in toluene compare to that in NMP (entries 5 
and 7). This can be attributed to the higher basicity of NMP that enhances the rate of de-bromination. 
Furthermore, the reaction is highly sensitive to changes in mol % of 2-(benzyloxymethyl)-pyrrolidine 
11 relative to dibromo-PDI 3. In toluene, for example, in the presence of lower mol % of 11 (ca. 1500), 
the reaction produces mono-substituted compound 12 as the major product (entry 3). While, in the 
presence of higher mol % of 11, it yields de-brominated compound 13 as the major product (entries 4 
and 5). 
 
Scheme 4.6. Oxidative de-O-benzylation of the compounds 14 and 15 by BBr3.  
In the next step, pyrrolidine group was attached to 12 via substitution of the free bromine to obtain 
regioisomeric mixture 15 in 64 % yield (Scheme 4.6). The 1,7- and 1,6-regioisomers could not be 
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separated chromatographically in this case also. Finally, the protected hydroxyl groups of compounds 
14 and 15 had been unmasked by de-O-benzylation using BBr3 in dry DCM (Scheme 4.6). At this stage, 
the 1,7- (dark green in color) and the 1,6- (dark blue in color) regioisomers of the corresponding 
products were successfully separated either on HPTLC glass plates or by column chromatography. The 
separation of these regioisomers was ensured by 1H NMR spectroscopy.  
4.5 Synthesis and Characterization of the Single- and Double-Bridged 
PDI−Fullerene Dyads 
As mentioned previously, we were very keen to compare the excited-state properties of the 1,7- and 
1,6-regioisomers. Simultaneously, we were also interested to explore the electron-donating properties 
of the dipyrrolidinyl substituted PDIs in the donor−acceptor systems. Within this framework, we 
planned four PDI-fullerene dyads comprising covalently linked fullerene and PDI chromophores. The 
attachment of fullerene was carried out through the bay-region of PDI, utilizing the free hydroxyl 
groups of newly prepared derivatives, to achieve the close-proximity of the two acting chromophores. 
In view of the close-proximity of the donor and acceptor moieties, we expected these dyads to undergo 
efficient electron transfer.   
To synthesize the dyads, the malonate fragments were first attached to the unmasked hydroxyl 
groups by the reaction with ethyl malonyl chloride (Scheme 4.7). Subsequently, fullerene was single-
linked to the resultant PDIs 20 and 21, and double-linked to the PDIs 22 and 23 by Bingel-Hirsch 
reaction in order to prepare the desired single-bridged (SB-1,7-PDI−C60 24 and SB-1,6-PDI−C60 25) 
and double-bridged (DB-1,7-PDI−C60 26 and DB-1,6-PDI−C60 27) dyads, respectively. 
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Scheme 4.7. Synthesis of the single- and double-bridged PDI−fullerene dyads.   
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1H NMR Analysis. The aromatic regions of 1H NMR spectra of the double-bridged dyads, DB-1,7-
PDI−C60 and DB-1,6-PDI−C60, were compared with the spectra of respective reference PDIs to analyze 
the effect of fullerene on the PDI core-protons (Figure 4.7). This knowledge was eventually used to 
make some preliminary estimations of the orientation of the two acting moieties with respect to each 
other in these double-bridged dyads. In the case of dyads, the probationary assignment of the protons to 
the various signals was made with the help of 1H-1H COSY measurements.  
In both dyads, the attachment of fullerene resulted in significant shifts to the signals of nearly all PDI 
core-protons; which clearly revealed the close-proximity of the two chromophores. However, some 
interesting differences were also observed in the shifting patterns between the two dyads. In DB-1,7-
PDI−C60, large downfield shifts of 1.53 and 0.36 ppm were displayed by two protons (namely H6 and 
H8, respectively) due to the deshielding effect exerted by the C60 π-electrons. In DB-1,6-PDI−C60, on 
the other hand, three protons, namely H2, H7, and H12, are most affected by the C60 π-electrons. Among 
those, only one proton (H2) displayed a downfield shift of 0.63 ppm. Whereas, the remaining two 
protons H7and H12 experienced the shielding effect that resulted in large upfield shifts of 0.97 and 0.90 
ppm, respectively.  
These very clear differences in the shifting patterns of the PDI core-protons can be considered as 
indications of different orientation of C60 with respect to PDI in these two double-bridged dyads. This 
difference in orientation can also be anticipated based on the different bay-positions of PDI moieties to 
which the linkers are appended in the two dyads. In the case of dyad DB-1,7-PDI−C60, the linkers are 
appended at 1 and 7  bay-positions which leads to better face-to-face orientation of the two 
chromophores. Whereas in the dyad DB-1,6-PDI−C60, the 1 and 6 bay-positions are located on the same 
side of the perylene core resulting in the emplacement of fullerene more towards the imide position.   
The analysis of 1H NMR spectra of single-bridged dyads, namely SB-1,7-PDI−C60 and SB-1,6-
PDI−C60, was also performed in a similar manner. In these dyads also, the effect of fullerene moiety 
was clearly observed on the signals of PDI core-protons. However, in these single-bridged dyads, the 
shifts were found significantly smaller in comparison to those observed for the double-bridged dyads. 
These observations clearly suggest that the PDI and fullerene moieties are in close-proximity in both 
double-bridged and single-bridged dyads. Evidently, the two acting chromophores are closer to each 
other in the double-bridged dyads compared to the single-bridged dyads. 
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Figure 4.7. Comparison of 1H NMR spectra of DB-1,7-PDI−C60 and DB-1,6- PDI−C60 with that of ref-DB-1,7-PDI and ref-
DB-1,6-PDI, respectively. 
4.6 Photoinduced Electron Transfer in the Single- and Double-Bridged 
PDI−Fullerene Dyads 
Various experimental techniques including differential pulse voltammetry, steady-state absorption and 
emission spectroscopy, and transient absorption (picosecond pump-probe and nanosecond flash-
photolysis) spectroscopy were employed to investigate and to compare the excited-state dynamics of 
these dyads in detail. 
4.6.1 Electrochemical studies 
Differential pulse voltammetric studies were performed to compare the redox characteristics of the 
individual entities and those of the dyads to obtain a better understanding of the ground-state interaction 
between the two closely linked moieties. The obtained redox potentials (V vs. Ag/AgCl) are 
summarized in Table 4.4. The DPV results led us to two noticeable observations. Firstly, the 1,7-
substituted derivatives are better electron donors in comparison to their corresponding 1,6-derivatives. 
Consequently, in the case of single-bridged dyads, the energy of charge-separated state was found to be 
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lower for the dyad SB-1,7-PDI−C60 (1.20 eV) compared to the dyad SB-1,6-PDI−C60 (1.35 eV). 
Similarly, the double-bridged dyad DB-1,7-PDI−C60 (1.51 eV) also exhibited lower energy of the 
charge-separated state than the dyad DB-1,6-PDI−C60 (1.56 eV). Based on these observations, we could 
anticipate more efficient electron transfer for the dyads consisting of the 1,7-regioisomer as the donor in 
comparison to the corresponding dyads with the 1,6-regioisomer.  
Table 4.4. Redox potentials (V vs. Ag/AgCl) of dyads and reference compounds obtained by DPV.a 
Compound E1ox E2ox E1red E2red ECS (eV)b 
ref-SB-1,7-PDI 
SB-1,7-PDI−C60 
ref-SB-C60 
SB-1,6-PDI−C60 
ref-SB-1,6-PDI 
+0.67 
+0.69 
+1.68 
+0.83 
+0.82 
+0.82 
+0.86 
− 
+1.30 
+1.27 
−0.81 
−0.51 
−0.50 
−0.52 
−0.81 
−0.99 
−0.92c 
−0.92 
−0.93c 
−0.97 
− 
1.20 
− 
1.35 
− 
ref-DB-1,7-PDI 
DB-1,7-PDI−C60 
ref-DB-C60 
DB-1,6-PDI−C60 
ref-DB-1,6-PDI 
+0.72 
+0.90 
+1.60 
+0.98 
+0.93 
+0.87 
+1.08 
− 
+1.38 
+1.34 
−0.79 
−0.61 
−0.58 
−0.58 
−0.78 
−0.99 
−0.86 
−1.01 
−0.89 
−0.97 
− 
1.51 
− 
1.56 
− 
a Scan rate: 0.05 V/s. b Energy of charge-separated state [ECS = E1ox(PDI) − E1red(C60)].                                                      
c Peaks of PDI−, PDI2−, and C602− are merged.  
Secondly, in the case of the single-bridged dyads, only a negligible influence of fullerene was observed 
on the redox potentials of the PDI moiety, indicating almost no interaction between the two acting 
moieties. On the contrary, in the double-bridged dyads, a very pronounced effect of the fullerene moiety 
was observed on the oxidation characteristic of the PDI moiety. In the case of dyad DB-1,7-PDI−C60, 
the first and second oxidation potentials of the PDI moiety were shifted by +180 mV and +210 mV, 
respectively. On the other hand, comparatively lower shifts of +50 mV and +40 mV, respectively, were 
observed for the oxidation potentials in the dyad DB-1,6-PDI−C60. This clearly indicates a more 
pronounced effect of the fullerene on the PDI chromophore in the dyad DB-1,7-PDI−C60 compare to 
that in DB-1,6-PDI−C60.  
These observations lead to the conclusion that in the double-bridged dyads the fullerene moiety 
influences the closely-linked PDI chromophore in such a way that the PDI moiety does not remain as 
good as electron donor as of ref-PDIs. Consequently, the energy of the charge-separated state is much 
higher in the case of double-bridged dyads in comparison to the single-bridged dyads. Furthermore, 
since this effect of fullerene is more pronounced in the dyad DB-1,7-PDI−C60 than in DB-1,6-PDI−C60, 
the difference in the energies of the charge-separated states of these two dyads is not as substantial as it 
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was observed in the case of single-bridged dyads. Therefore, a less pronounced difference can be 
predicted in the photodynamics of the two double-bridged dyads, DB-1,7-PDI−C60 and DB-1,6-
PDI−C60. 
4.6.2 Steady-state absorption and emission studies 
In both single- and double-bridged dyads, the main absorption features of the corresponding PDI 
moieties are mostly preserved, and consequently the dyads composed of 1,7-regioisomer are dark green 
in color while dyads composed of 1,6-regioisomer are dark blue (Figure 4.8). In the case of double-  
    
Figure 4.8. Steady-state absorption spectra in benzonitrile: [a] DB-1,7-PDI−C60, ref-DB-1,7-PDI, and ref-DB-C60; [b] DB-
1,6-PDI−C60, ref-DB-1,6-PDI, and ref-DB-C60. 
bridged dyads, the lowest energy band of the PDI moiety is significantly shifted to the shorter 
wavelengths relative to those of the reference PDIs. However, this blue shift is larger in the case of the 
dyad DB-1,7-PDI−C60 compared to the dyad DB-1,6-PDI−C60. These results are in good agreement 
with the results obtained from the DPV studies, which also exhibited larger shifts in the oxidation 
potentials of the PDI moiety in the case of dyad DB-1,7-PDI−C60 in comparison to that of DB-1,6-
PDI−C60.  
As far as the single-bridged dyads are concerned, the spectra of both SB-1,7-PDI−C60 and SB-1,6-
PDI−C60 correspond very closely to the sum of the spectra of reference fullerene and the respective 
reference PDI. These results, along with DPV data, suggest that the two acting chromophores are at a 
certain distance from each other in the single-bridged dyads so that they don’t influence either redox or 
absorption properties of each other. 
 In the subsequent steady-state fluorescence studies, the emission of the PDI moieties were found 
significantly quenched in all the four dyads compared to respective reference PDIs. However, more 
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efficiently quenched PDI emission was clearly observed in the dyads composed of 1,7-regioisomers. 
For example, in polar benzonitrile, highly efficient quenching (450 fold) was observed for the dyad SB-
1,7-PDI−C60, whilst quenching was only 70 fold for the dyad SB-1,6-PDI−C60. These observations 
clearly indicate a more efficient photoinduced process in the dyads consisting of 1,7-regioisomer of PDI 
as a donor in comparison to the dyads comprising 1,6-regioisomer.    
4.6.3 Picosecond and Nanosecond Transient Absorption Studies 
The detailed comparative study of the photodynamics of the dyads 24−27 by the transient absorption 
techniques revealed the photoinduced electron transfer from the perylene diimide chromophore to the 
fullerene in all the four dyads, both in polar benzonitrile and in non-polar toluene. However, both in the 
single- and double-bridged molecules, the process was found to be substantially faster and more 
efficient in the dyads consisted of 1,7-regioisomer. The obtained time-constants for the electron transfer 
process in all the four dyads are summarized in the Table 4.5. 
Table 4.5. Time-constants (τ) for the ET process in all the four dyads in benzonitrile and in toluene. 
Compound Solvent τExciplex τCSa τCRb  τTd  ECS (ev)e 
SB-1,7-PDI−C60 
 
SB-1,6-PDI−C60 
 
PhCN 
toluene 
PhCN 
toluene 
− 
0.7 ps 
− 
2.4 ps 
2.3 ps 
12 ps 
2.0 ps 
40 ps 
11 ps 
520 ps 
35 ps 
1−50 nsc 
− 
− 
− 
80 μs 
1.20 
− 
1.35 
− 
DB-1,7-PDI−C60 
 
DB-1,6-PDI−C60 
 
PhCN 
toluene 
PhCN 
toluene 
− 
− 
− 
− 
6 ps 
400 ps 
9 ps 
500 ps 
50 ps 
1−50 nsc 
120 ps 
1−50 nsc 
− 
65 μs 
− 
113 μs 
1.51 
− 
1.56 
− 
a Charge-separation. b Charge-recombination. c Could not be determined accurately. d Triplet-state lifetime of PDI moiety 
measured by nanosecond flash-photolysis. e Energy of charge-separated state. 
In the picosecond transient absorption measurements, the two components corresponding to the 
formation of the charge-separated state (CS) state PDI•+−C60•− and the decay of the CS state were 
clearly observed for all the four dyads in polar environment (Figure 4.9). Moreover, for all the four 
dyads, the formation of the CS state in picosecond time-scale is followed by its decay directly to the 
ground-state in picosecond time-scale through charge-recombination. The existence of the CS state was 
unambiguously recognized by the absorption at the characteristic wavelengths of PDI radical cation at 
500−600 nm and 720−800 nm, and fullerene radical anion at 1000−1100 nm which overlaps with the 
PDI radical cation around 1000 nm.58,10 In the case of single-bridged dyads (Figure 4.9), the formation 
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of the CS state occurred approximately in 2 ps for both the dyads. Whereas, the decay of the CS state 
was clearly faster for the dyad SB-1,7-PDI−C60 (11 ps) than for the dyad SB-1,6-PDI−C60 (35 ps). In 
the double-bridged dyads, both the processes, namely formation of the CS state and its decay, were 
found to be faster for the dyad DB-1,7-PDI−C60 (6 ps and 50 ps, respectively) than for the dyad DB-
1,6-PDI−C60 (9 ps and 120 ps, respectively). 
         
Figure 4.9. Picosecond transient absorption decay component spectra of [a] SB-1,7-PDI−C60 and [b] SB-1,6-PDI−C60 in 
benzonitrile. 
In the non-polar environment, even more pronounced differences were evidenced in the photodynamics 
of the dyads. In the case of single-bridged dyads, SB-1,7-PDI−C60 and SB-1,6-PDI−C60, we could even 
observe different relaxation pathways adopted by the charge-separated state. In the dyad SB-1,7-
PDI−C60, the formation of CS state in 12 ps is followed by its decay directly to the ground-state through 
charge-recombination in 520 ps. On the other hand, in the dyad SB-1,6-PDI−C60, the formation of the 
CS state in 40 ps is followed by its decay to the PDI triplet-state in a time-scale between 1−50 ns. This 
PDI based triplet-state finally decays to the ground-state in 80 μs. The decay pathways adopted by the 
CS state of the dyads SB-1,7-PDI−C60 and SB-1,6-PDI−C60 in non-polar environment are summarized 
in Figure 4.10. These observations suggest that, in the dyad SB-1,7-PDI−C60, the energy of the CS state 
is lower than that of the PDI triplet-state even in non-polar medium.  
In the case of double-bridged dyads, the time-constant for the formation of the CS state was found to 
be 400 ps for the dyad DB-1,7-PDI−C60 and 500 ps for DB-1,6-PDI−C60. For both the dyads, however, 
the CS state decays to PDI based triplet-state in a time-scale somewhere between 1−50 ns. For the dyad 
DB-1,7-PDI−C60, the PDI (1,7-regioisomer) based triplet-state relaxed to the ground-state with a 
lifetime of 65 μs. Whereas for the dyad DB-1,6-PDI−C60, the relaxation of PDI (1,6-regioisomer) based 
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triplet-state occurred in 113 μs. It is important to note that the characteristic features of the charge-
separated state were found quite week in the NIR region. Thus, the electron transfer in toluene is 
slightly tentative in the case of double-bridged dyads. However, it has to be emphasized that no 
spectroscopic evidences were observed for the other possible quenching mechanisms.  
 
Figure 4.10. Photophysical pathways taking place in single-bridged dyads [a] SB-1,7-PDI−C60 and [b] SB-1,6-PDI−C60 in 
toluene. 
 Concluding the photochemistry study, the most important finding is the efficient electron transfer in 
the PDI−C60 dyads in both polar and non-polar media, which is observed for the first time. Another 
remarkable feature of SB-1,7-PDI−C60 dyad is the energy level of the CS state which is lower than that 
of the PDI triplet-state even in non-polar media, which makes the molecule a promising candidate for 
the solid organic photovoltaics and other optoelectronic applications. 
4.7 Excited-State Interaction of Ru(II) polypyridine Complex with Red and Green 
Perylene Diimides 
A scrutiny of the previous research reveals that mostly the PDIs with basic properties (red PDIs) have 
been employed in systems incorporating the metal complexes. However, the excited state behavior of 
the red PDI has been found to be different with different metal systems. For example, in the recently 
reported Pt(II) square planar structures, with PDI covalently attached to the metal center through an 
acetylide linkage, the 3PDI excited state was successfully obtained as a result of strong spin−orbit 
coupling induced by Pt(II).112 On the contrary, the strong fluorescence of the dye has been retained in 
the palladium complexes, despite the direct attachment of metal to the 1,7-bay positions of PDI.113 
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Similarly, other complexes of PDI−pyridine/terpyridine ligands with metals like Pt, Pd, Zn, and Fe, 
possess a relatively high fluorescence quantum yield and a low yield of 3PDI excited state.57,114−117 
Charge transfer based interactions have also been observed in the metal-organic hybrids, comprising 
red PDI and either Ru-porphyrin or Ru-phthalocyanine linked through axial coordination.76,77 Also in a 
recently reported PDI−[(bpy)Ru(II)Cl2(CNbutyl)2] system, charge transfer from the Ru complex to 
1*PDI was observed upon selective excitation of the PDI moiety.118  
In this context, herein, we wanted to investigate the excited state interaction of the luminescent 
Ru(II) polypyridine complex with two different PDIs, namely the red and green PDIs. To implement 
this idea, a dipyrido[a,c]phenazine (dppz) moiety was first covalently attached to one of the bay-
positions of PDI. The second bay-position was subsequently substituted with either 4-tert-butylphenoxy 
or pyrrolidinyl group to obtain electron-deficient and electron-rich PDI−dppz ligands, respectively. 
Finally, the obtained ligands were utilized to form the PDI−[Ru(bpy)2(dppz)]2+ ensembles. A 
comprehensive study of the excited-state photodynamics of the ensembles has been performed by 
means of electrochemical, and steady-state and time-resolved spectroscopic methods. Although, in all 
the three ensembles, the photoexcitation of either chromophore resulted in a long-lived triplet excited 
state of PDI (3PDI) as the final excited state, the photochemical reaction leading to the triplet states 
were found to be essentially different for the two types of the ensembles. In the case of red PDI based 
ensemble, the excitation of either chromophore leads to the electron transfer from the Ru(II) complex to 
Ph-PDI, whereas for the green PDI based ensembles the electron transfer is observed in opposite 
direction and only when the Ru(II) complex is excited.  
4.7.1 Synthesis and characterization of the ensembles 
The PDI−[Ru(bpy)2dppz]2+ ensembles [namely 1,7-Py-PDI−Ru(II) 33, 1,6-Py-PDI−Ru(II) 34, and 
1,7(6)-Ph-PDI−Ru(II) 37] were synthesized from the mixture of 1,7- and 1,6-dibromo-PDI 3 according 
to the route summarized in the schemes 4.8 and 4.9. In the very first step, 1,10-phenanthroline-5,6-
dione and 2,3-diaminophenol were condensed in ethanol at reflux to obtain 6-hydroxy-
dipyrido[a,c]phenazine 28. Subsequently, the dipyrido[a,c]phenazine (dppz) moiety was covalently 
linked to one of the bay-positions of dibromo-PDI 3 to obtain N,N'-dioctyl-1-bromo-7(6)-
(dipyridophenazinoxy)perylene diimide 30 in 86 % yield. The two isomers could not be separated by 
column chromatography in spite of the presence of bulky dipyrido[a,c]phenazine (dppz) moiety at the 
bay region. Consequently, regioisomeric mixture 30 was used as such for the next step in which the free 
bromine atom was substituted by either pyrrolidine or 4-tert-butylphenoxy group.  
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Scheme 4.8. Synthesis of 1,7-Py- and 1,6-Py-PDI−Ru(II)polypyridine dyads. The compounds 31 and 32 were utilized as 
reference PDIs in electrochemical and optical studies. Whereas the compound 35 (named as ref-PDI) is utilized for NMR 
analysis.  
The 1,7- and 1,6-pyrrolidinyl derivatives (31 and 32) have been separated by column chromatography 
(silica 100/1:1 chloroform-toluene) since different redox and optical properties of those were expected. 
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Whereas in the case of 4-tert-butylphenoxy-substituted product, the resultant regioisomeric mixture 36 
was used as such for the preparation of final compound keeping in mind very similar properties of 1,7- 
and 1,6-diphenoxy-substituted PDI. In the final step, the dyads were prepared by the reaction of the 
ligands with [Ru(bpy)2Cl2].2H2O followed by the exchange of chloride counter ions with 
hexafluorophosphate anions. 
 
 
Scheme 4.9. Synthesis of 1,7(6)-Ph-PDI−Ru(II)polypyridine dyad. The compound 38 is utilized as reference PDI in the 
optical and electrochemical studies. It was also a regioisomeric mixture. 
1H NMR analysis of the ligand: Figure 4.11 represents a comparison of 1H NMR spectrum of the 
ligand 31 with the spectra of the corresponding reference compounds, 6-hydroxy-dppz 28 and ref-PDI 
35 (the structures are shown in Scheme 4.8). The assignment of the protons was made with the help of 
1H−1H COSY measurements. Evidently, the 1H NMR spectrum of the ligand displayed some 
characteristic features indicating that the dppz moiety is oriented towards the PDI core. In the ligand, 
close proximity of PDI moiety resulted in a systematic shifts to the signals of nearly all the protons of 
dppz moiety. For example, the protons H2', H3', and H4' are largely shifted to the upfield. It indicates that 
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these protons are closer to the perylene core and are shielded by PDI π-electrons. On the other hand, 
only minor shifts were observed for the other group of protons, namely H9', H10', and H11', which 
indicates that these protons are away from the perylene core. The two protons, namely H6', H7', 
experienced the deshielding effect and are largely shifted downfield. Similarly, the effect of the dppz π-
electrons is also observed on the PDI protons. The proton H6 is most affected and hence exhibited a 
downfield shift of 0.52 ppm. 
 
Figure 4.11. Analysis of 1H NMR spectrum of the ligand 31. 
4.7.2 Observation of the photoinduced electron transfer in PDI−Ru(II) ensembles 
The absorption profile of PDI−Ru(II) polypyridine ensembles exhibited characteristic features of both 
acting moieties (Figure 4.12). At shorter wavelengths, the absorption is dominated by MLCT transition 
originating from Ru(II) complex; whereas the absorption at longer wavelength is exclusively from the 
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PDI moiety. Therefore, the ensembles absorb in the broad range of the visible region. For all the 
ensembles, the PDI moiety absorbs exclusively at wavelengths higher than 500 nm. Therefore, it was 
possible to selectively excite the PDI chromophore. 
In all the ensembles, the strong emission of the PDI moiety was found significantly quenched 
independent of the excitation wavelength (Table 4.6). For example, in the ensemble 1,7(6)-Ph-
PDI−Ru(II), the emission of the PDI moiety was 98 % quenched (Φf = 0.02) in comparison to that of 
ref-1,7(6)-Ph-PDI (Φf = 0.83). In addition to the PDI emission, the emission of Ru(II) chromophore was 
also found strongly quenched when the Ru(II) chromophore of the ensembles was predominantly 
excited. These observations demonstrated that an efficient nonradiative deactivation of 1SPDI* 
dominates upon metal coordination. The possible mechanisms for the quenching may be either an 
electron or energy transfer between the two moieties or an efficient intersystem crossing due to the 
heavy atom effect exerted by the Ru metal. The possibility of the electron transfer mechanism was then 
evaluated based on redox properties of the compounds. 
      
Figure 4.12. Steady-state absorption spectra of ensembles [a] 1,7-Py-PDI−Ru(II) and [b] 1,7(6)-Ph-PDI−Ru(II) along with 
their corresponding reference compounds in acetonitrile. 
Table 4.6. Selected Photophysical data of PDI−Ru(II) polypyridine ensembles in acetonitrile. 
Compound Fl quenching[a] Φf[d] ES1[e] 
(PDI)  
ET1[f] 
{Ru(II)} 
ECS[g] τT[h] kET[i] 
1,7-Py-PDI−Ru(II) 
1,6-Py-PDI−Ru(II) 
1,7(6)-Ph-PDI−Ru(II) 
97 %[b]            96 %[c] 
91 %[b]            89 %[c] 
98 %[b]            97 %[c] 
3.3×10−3 (0.08) 
3.9×10−3 (0.07) 
2.0×10−2 (0.83) 
1.8 eV 
1.8 eV 
2.2 eV 
2.1 eV 
2.1 eV 
2.1 eV 
1.77 eV 
1.81 eV 
1.97 eV 
57 μs  
35 μs 
62 μs 
3.3x1011 s−1 
1.4x1011 s−1 
1.2x1010 s−1 
[a] Fluorescence quenching of the PDI moiety. [b] When Ru(II) chromophore was predominantly excited. [c] When PDI moiety was selectively excited. 
[d] Fluorescence quantum yields of the PDI moiety (Φf of the corresponding ref-PDIs are given in the parentheses). [e] Energy of the singlet excited state 
of PDI. [f] Energy of the 3MLCT state of Ru(II) polypyridine chromophore. [g] Energy of the lowest charge-separated state; [ECS = E1ox(D)−E1red(A)]. [h] 
Triplet-state lifetime of the PDI moiety measured by nanosecond flash-photolysis. [i] Rate of electron transfer, after the excitation of Ru(II) complex, 
obtained from pump-probe measurements. 
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The Ru(II) polypyridine complex exhibited a reversible one-electron oxidation at +1.37 V, which is 
assigned to the Ru(II)/Ru(III) redox couple. The complex also exhibited three ligand-based one-electron 
reductions at potentials (−0.90, −1.30, and −1.46 V) assigned to the reductions of dppz and bipyridine 
ligands.119 The phenoxy substituted PDI, ref-1,7(6)-Ph-PDI, exhibited a typical voltammogram of red 
PDI with two reductions at low potentials (−0.61 and −0.84 V) and two oxidations at high potentials (+ 
1.43 and +1.72 V). On the other hand, the pyrrolidinyl functionalized PDIs, ref-1,7-Py-PDI and ref-1,6-
Py-PDI, exhibited relatively higher values for the first reduction potentials (−0.73 and −0.70 V, 
respectively) and significantly lower values of the first oxidation (+ 0.90 and + 0.95 V, respectively). 
These observations demonstrate that Ph-PDI is a good electron acceptor and the Py-PDIs are reasonably 
good electron donor. Based on the obtained electrochemical data, the lowest energy charge separate 
states were predicted as PDI•+−Ru(II)•− for the ensembles 1,7-Py-PDI−Ru(II) and 1,6-Py-PDI−Ru(II) 
with the energies 1.77 and 1.81 eV, respectively, and PDI•−−Ru(III) for 1,7(6)-Ph-PDI-Ru(II) with the 
energy 1.97 eV relative to the energies of the ground states. It is important to notice that the direction of 
the charge transfer in the third ensemble is opposite to that of the first two ensembles. 
The energies of the excited states were evaluated based on the absorption and emission 
measurements, and are presented in Table 4.6. Based on the comparison of the energies of the charge 
separated states and the excited states, it can be concluded that for the 1,7-Py-PDI−Ru(II) and 1,6-Py-
PDI−Ru(II) ensembles the only energetically favorable ET process is possible from the triplet excited 
MLCT state, PDI−1TRu(II)* → PDI•+−Ru(II)•−. For the ensemble 1,7(6)-Ph-PDI−Ru(II), however, either 
of excited chromophores may undergo the charge transfer, PDI−1TRu(II)* → PDI•−−Ru(III) and 
1SPDI*−Ru(II) → PDI•−−Ru(III).   
Finally, the excited state dynamics of all the ensembles was studied in both nanosecond and 
picosecond time-scale to shed light on the short- and long-lived products evolving from the 
intramolecular deactivation. In the flash-photolysis measurements, the transient absorption decays were 
found mono-exponential at all the monitoring wavelengths, and the long-lived triplet-state of PDI was 
observed as the only intermediate state regardless of the excitation wavelength (Figures 4.13[b] and 
4.14[b]). 
 The picosecond decay component spectra of the ensemble 1,7(6)-Ph-PDI−Ru(II) are presented in 
Figure 4.13[a]. The time-resolved absorption right after the excitation (at 0 ps) shows typical features of 
the first singlet excited state of the PDI chromophore. Even though the Ru(II) complex is equally 
excited at 420 nm, its singlet excited state is not well seen at this time since it is less intense and does 
not provide characteristic features. The first resolved transition (3 ps) results in a rise of the absorption 
at 710 nm and minor changes in the region of the PDI ground state absorption. The following process 
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(86 ps) raises the bleaching of the PDI ground state absorption and reshapes the absorption in the red 
part of the spectrum. The longest-lived spectrum detected in the pump-probe measurements shows a 
gradual bleaching of the PDI ground state absorption at 540 nm and a new absorption band at 710 nm. 
The band at 710 nm can be attributed to the PDI radical anion and this state can be recognized as the 
charge separated state, PDI•−−Ru(III), with an electron transferred from Ru(II) to PDI.78 The two-step 
formation of this state can be rationalized considering that two different chromophores were excited by 
the laser flash at 420 nm. We tend to conclude that the faster CS (3 ps) takes place starting from the 
PDI excited singlet state, 1SPDI*−Ru(II) → PDI•−−Ru(III), and the slower (86 ps) from the triplet 
excited state of the Ru complex, PDI−1TRu(II)* → PDI•−−Ru(III), since the slower process increases the 
PDI ground state bleaching and thus its initial state should have the PDI chromophore in its ground 
state. This also agrees with the higher driving force of the electron transfer starting from the singlet 
excited state 1SPDI*−Ru(II) as compared to that from the triplet state PDI−1TRu(II)* in the Marcus 
normal regime of the electron transfer. In this experiment the intersystem crossing, PDI−1SRu(II)* → 
PDI−1TRu(II)*, was not resolved because it overlaps in time with the faster step of CS and overall 
spectral changes associated with this reaction are weaker than for the charge transfer reaction.   
   
Figure 4.13. [a] Picosecond transient absorption decay component spectra of the ensemble 1,7(6)-Ph-PDI−Ru(II) obtained 
after the laser excitation at 420 nm in acetonitrile. [b] Comparison of the final spectrum obtained in the picosecond pump-
probe measurement and the spectrum from the nanosecond flash-photolysis measurement. 
The formed CS state has relatively long lifetime and its decay was not seen in the pump-probe 
experiments, where the maximum delay time is 1.4 ns. The time resolution of the flash photolysis 
instrument used is limited to 100 ns and the spectrum obtained at this delay time differs from the final 
spectrum detected in pump-probe (Figure 4.13[b]). In both cases the sharp negative peak at 540 nm 
indicates that the PDI chromophore is not in its ground state. The difference in the red part shows that 
at 100 ns the PDI chromophore is in the triplet state, whereas at ~1 ns the ensemble is in the CS state. 
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Thus, the charge recombination, PDI•−−Ru(III) → 1TPDI*−Ru(II), takes place in the time interval 
between 1 and 100 ns. The exact value, however, cannot be determined with the instruments used for 
this study. The proposed reaction scheme for the ensemble 1,7(6)-Ph-PDI−Ru(II) is summarized in 
Figure 4.15. 
The decay component spectra of the ensemble 1,7-Py-PDI−Ru(II) are shown in Figure 4.14[a]. 
Essentially the same spectra and very similar lifetimes were obtained for 1,6-PyPDI−Ru(II) (Figure 
4.15). The first time-resolved process, 3 ps, shows a gradual increase in the bleaching of the ground 
state absorption of the PDI chromophore, which apparently follows the relaxation of the photoexcited 
Ru(II) complex. Because the intersystem crossing for the Ru(II) complex is much faster (< 2 ps), this 
reaction takes place starting from the triplet state, PDI−1TRu(II)*. The process can be either an energy 
transfer or an electron transfer. Considering that the 3 ps component shows also some increase in the 
absorption at 750 nm, we assume that the reaction is the charge transfer, PDI−1TRu(II)* → 
PDI•+−Ru(II)•−.  In 53 ps, the triplet state of the PDI chromophore is formed, which then decays in a 
microsecond time domain as revealed by the flash-photolysis experiments (Figure 4.14[b]). In contrast 
      
Figure 4.14. [a] Picosecond transient absorption decay component spectra of the ensemble 1,7-Py-PDI−Ru(II) obtained 
after the laser excitation at 420 nm in acetonitrile. [b] Comparison of the final spectrum obtained in the picosecond pump-
probe measurement and the spectrum from the nanosecond flash-photolysis measurement. 
to the case of 1,7(6)-Ph-PDI−Ru(II), the final transient seen in pump-probe is the same as the transient 
obtained in flash-photolysis (Figure 4.14[b]), i.e. the formation of the PDI triplet was resolved in pump-
probe and the decay in flash-photolysis. The triplet state can be formed by two reactions: firstly by the 
charge recombination, PDI•+−Ru(II)•− → 1TPDI*−Ru(II), and secondly by the intersystem crossing of 
the PDI chromophore, 1SPDI*−Ru(II) → 1TPDI*−Ru(II). Since the singlet excited state, 1SPDI*−Ru(II), 
is also generated by the excitation at 420 nm and the intersystem crossing was not observed for the 
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reference PDIs in this time scale, we have to conclude that the intersystem crossing of the PDI 
chromophore is strongly facilitated by the presence of Ru in the ensemble. Essentially the same results 
were obtained with excitation at 600 nm for 1,7-Py-PDI-Ru(II) except that ET was not observed and 
only the intersystem crossing was seen with a time constant of 36 ps. The proposed reaction scheme for 
the ensembles 1,7-Py-PDI−Ru(II) and 1,6-Py-PDI−Ru(II) is summarized in Figure 4.15 with time 
constants indicated for 1,6-Py-PDI−Ru(II). 
The essential difference between the 1,7(6)-Ph-PDI−Ru(II) and the two other ensembles is the 
energetics of the PDI chromophore. Ph-PDI has a higher energy of the singlet excited state and it is a 
better electron acceptor. This makes the electron transfer feasible after excitation of either of the 
chromophores. Although we assume that the electron transfer takes place for the two other ensembles 
as well, but it can only start from the triplet state of the Ru(II) complex, which is relatively higher in 
energy. Furthermore, ET takes place in the opposite direction as compared with the ensemble 1,7(6)-
Ph-PDI−Ru(II), and the CS states recombine fast with time constants of 70 ps and 53 ps for 1,6-Py-
PDI−Ru(II) and 1,7-Py-PDI−Ru(II), respectively. 
         
Figure 4.15. The proposed scheme depicting the photophysical processes taking place in the ensembles (Left) 1,7(6)-Ph-
PDI−Ru(II) and (Right) 1,7-Py-PDI−Ru(II) and 1,6-Py-PDI−Ru(II) with time constants mentioned for 1,7-Py-PDI−Ru(II). 
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4.8 Photosensitization of Fullerene by Dibenzo[a,c]phenazine Molecule 
Besides many favorable properties, the low molar absorption coefficient of fullerene in the visible 
region limits its utility in photovoltaic applications. Therefore, the main objective of this study was to 
attach a molecule to fullerene, which can efficiently and rapidly transfer harvested light energy to 
fullerene without diminishing its electron-acceptor ability. In this context, a 
dibenzo[a,c]phenazine−fullerene (DBPZ−C60) dyad in which two chromophores are linked at close 
proximity had been synthesized and its suitability had been examined by detailed electrochemical and 
optical spectroscopic studies.  
In the dyad, the length of the linker had been intentionally kept short to exert the close-proximity 
between the two acting moieties, which was necessary to ensure an efficient and rapid energy transfer 
from the DBPZ moiety to the fullerene. The selection of the DBPZ chromophore as antenna was mostly 
based on its suitable electrochemical properties. It has a very high oxidation potential, which ensures its 
incapability to donate electrons to the fullerene moiety. At the same time, the DBPZ moiety also has a 
significantly higher first reduction potential (−1.41 V, vs Ag/AgCl) compared with that of fullerene 
(−0.55 V). The large difference in the first reduction potentials of two electroactive chromophores {ΔE 
= E1red(C60) − E1red(DBPZ) = 860 mV} ensured that the two moieties will perform their well-defined 
roles, i.e. DBPZ will act as light-harvesting antenna, whereas fullerene will accept the electrons. 
4.8.1 Synthesis and characterization 
The DBPZ−C60 dyad was synthesized by the 1,3-dipolar cycloaddition reaction between 11-
formyldibenzo[a,c]phenazine 43 and fullerene in presence of N-(3,5-di-tert-butylbenzyl)glycine 40 as 
shown in the Scheme 4.10. The 3,5-di-tert-butylbenzyl group on the pyrrolidine ring was introduced to 
enhance the solubility of the dyad in common organic solvents, which was essential for the 
characterization and detailed spectroscopic and electrochemical studies. We had also synthesized the 
dyad 46 using sarcosine in place of N-(3,5-di-tert-butylbenzyl)glycine 40, but the resulting compound 
had very poor solubility in common organic solvents. A similar procedure was applied to synthesize 
ref-C60 45, using paraformaldehyde instead of 11-formyldibenzo[a,c]phenazine 43. The synthesis of N-
(3,5-di-tert-butylbenzyl)glycine 40 and 11-formyldibenzo[a,c]phenazine 43 is shown in the Scheme 
4.11. The preparation of N-(3,5-di-tert-butylbenzyl)glycine 40 was carried out in two steps from 3,5-di-
tert-butylbenzaldehyde. Whereas, 11-formyldibenzo[a,c]phenazine 43 was synthesized in three steps 
starting from 9,10-phenanthrenequinone and 3,4-diaminotoluene. 
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Scheme 4.10. Synthesis of the compounds DBPZ−C60 44 and ref-C60 45.  
 
 
Scheme 4.11. Synthesis of N-(3,5-di-tert-butylbenzyl)glycine 40 (top) and 11-formyldibenzo[a,c]phenazine 43 (bottom).  
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4.8.2 Evidences of an efficient and fast photoinduced singlet energy transfer 
The steady-state absorption spectrum of the dyad indicated a small ground state electronic interaction 
between DBPZ and fullerene moieties (Figure 4.16[a]). The absorption spectrum of ref-DBPZ exhibits 
two absorption maxima at 375 and 396 nm corresponding to n−π* and π−π* transitions, respectively. In 
the dyad, these absorption bands appear at 380 and 403 nm and are shifted to longer wavelengths by 5 
and 7 nm, respectively. Subsequently, the comparison of the emission intensity of DBPZ moiety of the 
dyad with ref-DBPZ revealed that the emission of DBPZ moiety was efficiently quenched in the dyad. 
However, the quenching was relatively more efficient (98 %) in non-polar toluene compared with polar 
benzonitrile (89 %).   
The singlet−singlet energy transfer in the dyad from DBPZ to fullerene was verified by the 
comparison of emission spectra of the equimolar solutions of the dyad 44 and ref-C60 45. The excitation 
wavelength was set to 403 nm, where DBPZ moiety absorbs predominately (the dyad has a four times 
higher absorbance than the ref-C60) (Figure 4.16[b]). In the dyad, an almost four fold sensitized 
emission of the fullerene moiety was observed with respect to the ref-C60. Nearly the same results were 
obtained in more polar chloroform and benzonitrile. Furthermore, the lifetime of the singlet-state of 
fullerene moiety of the dyad (1.46 ns) was almost the same as that of ref-C60 (1.50 ns). Thus, the results 
confirmed that the quenching of the DBPZ singlet excited-state is solely due to singlet−singlet energy 
transfer from the DBPZ moiety to the fullerene. 
      
Figure 4.16. [a] Steady-state absorption spectra of the DBPZ−C60 dyad, ref-DBPZ, and ref-C60 in toluene (41 μM). [b] The 
sensitized emission of fullerene moiety of the dyad with respect to ref-C60, obtained from excitation of equimolar solutions. 
Finally, transient absorption studies were carried out in the nanosecond and picosecond time-scales to 
investigate the fate of excited singlet-states of DBPZ and fullerene moieties. The flash-photolysis 
measurements (λex = 401 nm) of the equimolar solutions of the dyad and ref-C60, exhibited the 
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characteristic band of the fullerene triplet-state at ca. 700 nm (Figure 4.17[a]). But in the case of the 
dyad, the sensitized triplet-state absorption observed for the fullerene moiety. This observation further 
indicated that the harvested light energy by the DBPZ antenna is transferred to the fullerene.  
         
Figure 4.17. [a] Nanosecond transient absorption spectra of the DBPZ−C60 dyad, ref-DBPZ, and ref-C60 in toluene (41 μM). 
[b] Picosecond transient absorption decay-component spectra of DBPZ−C60 dyad in toluene. 
The measurements with the picosecond pump-probe method (λex = 404 nm) revealed the fast energy 
transfer from the singlet excited-state of DBPZ moiety to the singlet-state of fullerene in both polar and 
non-polar environment (Figure 4.17[b]). The energy transfer takes place in 2 ps (ken = 5.0 × 1011s−1) in 
toluene and in 4.7 ps (ken = 2.1 × 1011s−1) in polar benzonitrile. All these results collectively confirmed 
that the fast and efficient singlet energy transfer from the DBPZ moiety to the fullerene unit occurs in 
DBPZ−C60 dyad, as summarized in Figure 4.18. 
 
Figure 4.18. Photoinduced processes taking place in DBPZ−C60 dyad upon excitation of the DBPZ moiety in toluene. 
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5 Conclusions 
1. The 1,7- and 1,6-regioisomers of diphenoxy and dipyrrolidinyl substituted PDI dyes have been 
synthesized, separated and characterized. The two regioisomers of diphenoxy substituted PDIs 
(1,7-5 and 1,6-5) were separated utilizing their different solubility in toluene. On the other hand, 
regioisomers of dipyrrolidinyl substituted PDIs (1,7-8 and 1,6-8) were separated by conventional 
silica gel column chromatography. Our studies have also shown that the 1,7- and 1,6-isomers of 
these derivatives can readily be distinguished even with 300 MHz 1H NMR spectroscopy by the 
characteristic signals of their α-imido protons.  
2. The detailed comparative examination have shown that the introduction of phenoxy groups at 
the 1,7- and 1,6-positions of the PDI core leads to the regioisomers that are very similar in redox 
and optical properties. On the contrary, the two regioisomers obtained by the substitution of 
pyrrolidine groups at the 1,7- and 1,6-positions exhibit profound differences in their 
electrochemical and optical characteristics. We found that 1,6-dipyrrolidinylperylene diimide 
has significantly diminished electron donor ability and inherently low emission characteristics 
compared to respective 1,7-regioisomer. Further extended comparative studies on the 1,7- and 
1,6-regioisomers of pyrrolidinyl substituted PDIs, have also exposed differences in their 
chemical behavior and excited-state dynamics.  
3. We have developed a synthetic methodology for the attachment of functionalized pyrrolidinyl 
groups to the PDI core to prepare mono- and bis-bay-functionalized derivatives of the PDI dyes. 
The main importance of these derivatives lies in their potential as building-blocks to construct 
complex light-harvesting arrays and artificial photosynthetic systems due to the presence of 
additional sites for the attachment of other chromophores close to the perylene core. Otherwise, 
in conventional dipyrrolidinyl substituted PDIs, attachment of the chromophores is possible only 
at the imide positions, which causes a potential drawback of keeping two acting moieties 
significantly far from each other. Synthesis of the PDI−C60 dyads, presented herein, is just one 
example of their utility as synthon.  
4. The single-bridged PDI−C60 dyads exhibited efficient photoinduced electron transfer in both 
polar and non-polar media, which justified the strategy of the attachment of fullerene through 
the bay-region of PDI. In this way, our studies have also shown that the dipyrrolidinyl 
functionalized PDIs can perform as potential electron-donors in the D−A based systems. The 
single-bridged dyad SB-1,7-PDI−C60 demonstrated a highly efficient photoinduced electron 
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transfer even in non-polar medium, which makes the compound particularly attractive for the 
applications in solid organic photovoltaics. 
5. A series of metallo-organic PDI−[Ru(bpy)2dppz]2+ ensembles, consisting of either red or green 
PDI covalently linked to Ru(II) polypyridine complex, have been synthesized and 
spectroscopically characterized. In all the ensembles, the long-lived PDI triplet excited state has 
been observed as the lowest excited state, which is generated mainly as a result of the decay of 
the charge-separated state. Interestingly, the direction of the electron transfer was observed to be 
opposite in red and green PDI based ensembles i.e. the red PDI acted as an electron acceptor, 
whereas the green PDIs acted as donors.  
6. The dibenzo[a,c]phenazine−fullerene (DBPZ−C60) dyad possesses an efficient and fast energy 
transfer from DBPZ moiety to fullerene in combination with favorable electrochemical 
properties. Therefore, it could also be a good candidate for the photovoltaic applications with 
well-defined roles of both acting chromophores; DBPZ acting as a light-harvesting antenna and 
fullerene acting as an electron acceptor in the photoactive layer. 
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